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Preface 


Once upon a time—not too deeply buried in the moldering past, for 
it falls within the memory of a generation yet alive and active—the 
greater portion of psychology was “sense psychology.” “Experience” 
was psychology's proper object of study, and experience comes by way 
of man's senses. 

The same generation has seen changes—some of emphasis, many 
merely of terminology, but a few of fundamental conception. Psy- 
chology has become “the science of behavior." This development has 
made the role of the human senses no less important, for all behavior 
is triggered by stimuli, and stimuli must have sense organs on which 
to operate. But the elaboration of a science of behavior calls for much 
more than variations on the simple theme provided by the stimulus- 
response formula. Such rubrics as learning, motive, attitude, and in- 
terest—in short, the central adjustive mechanisms generally—have 
taken on an air of urgency. Preoccupation with these topics naturally 
results in a relative de-emphasis of others. In the contemporary pic- 
ture, therefore, sensation seems to have receded somewhat into the 
background; more “dynamic,” if less mature, concepts are crowding 
the center of the canvas. These trends in psychological fashions par- 
tially account for the current rarity of books on sensation. In part, 
also, the lack is to be attributed to the circumstance that, whereas we 
have no dearth of specialists in vision and in audition, and even a few 
experts in each of the other senses, there are not many “sensory 
generalists” in psychology. 

The basic credo underlying this book is that the highroad to the 
understanding of human nature is by way of an appreciation of man’s 
senses and of the fundamental role they play in the attainment of 
knowledge and the regulation of behavior. If, through its auspices, 
students or general readers are set on the path towards such an ap- 
preciation; if, so to speak, they are “brought to their senses,” the book 
will have realized the major aim set for it. 

Were I cataloguing all the influences responsible for the 


genesis 
A : et 
and final completion of the book I should certainly have 


to begin with 
vn 
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John Paul Nafe’s course in systematic psychology at Clark University 
in my graduate student days. My appetite for sensory psychology 
clearly came into being then. It has been whetted, in seminars ex- 
tending over a score of years, by my own students at Virginia. In the 
actual preparation of the manuscript there has been the valuable help 
of several professional colleagues. The chapters on vision were read 
and criticized, at various stages, by Clarence H. Graham and S. Rains 
Wallace, Jr. The audition chapters had the benefit of critical readings 
by E. Glen Wever, Frank W. Finger, and Willard R. Thurlow. The 
chapters on the chemical senses profited from the suggestions of Carl 
Pfaffmann. The entire manuscript was appraised, and improved no 
little, by Professor Herbert S. Langfeld. To all these friends I am 
very grateful; my earnest hope is that they find the finished product 
not too disappointing. 

Finally, my thanks are due Mrs. Jane Watson, accustomed to turn- 
ing out perfect copy, for a typical performance on the manuscript, 
thereby lightening the labors of author and publisher alike. 


Frank A. GELDARD 
Charlottesville, Virginia 
January, 1953 
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Introduction 


Man has ever been the most engaging object of study for man. In 
the behavior of his fellows he is confronted with a never-ending source 
of wonder and perplexity, and in his every new experience he finds a 
challenge to his understanding. The intricacies of human action are 
myriad, and it is no accident that psychology, whose business it is to 
cut through the complexities and disclose the broad principles govern- 
ing human nature and conduct, should have been among the last sub- 
jects to attain the stature of a scientific discipline.  Pre-scientific psy- 
chology has a history as long as that of human thought itself. 

There is probably no topic in connection with which the average 
layman is more ready to pronounce a judgment or express an opinion 
than that of psychology. We may be content to leave the intricacies 
of physics or chemistry or any other of the fundamental natural sci- 
ences to experts in these fields, satisfying ourselves with a few basic 
ideas about the operation of the complicated world around us. But 
the business of living and conducting ourselves in a world of human 
beings is very much the concern of each of us. We are all under the 
necessity of acquiring and pressing into service a workable set of con- 
ceptions of human nature. Moreover, the materials with which psy- 
chology attempts to come to grips are immediately available in the 
form of our own thoughts and feelings and in the actions of others. 
We come readily to generalize from our experiences and to develop a 
set of beliefs concerning the operation of the human mind. The 
demand for working principles is so insistent that it is not surprising 
that hasty convictions, half-truths, even superstitions become lodged 
in our mental constitutions and sometimes are modified or expelled 
only with the greatest difficulty. We feel “from experience” that we 
are rather good judges of the motives of other people. We have 
“explanations” for the fact that some persons have good memories 
while others have not. We acquire beliefs as to the relative influence 
of nature and nurture in shaping our behavior. We do not hesitate 
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to ascribe the genesis of anomalies we observe in others to tempera- 
ment and character “types.” We have convictions concerning the 
effects of sleep, the importance of dreams, the influences of age, sex, 
fatigue, climatic conditions, and a host of other matters. In fact, 
unless we turn the searchlight of self-criticism upon these beliefs we 
may go on indefinitely, trusting our crude observations, never pausing 
to draw into question the processes whereby we form our prejudices 
and set up our standards. ^ 

In all ages there have been thoughtful people who have tried to 
bring order out of the chaos that is personal experience; the produc- 
tion of various philosophical "systems," of one or another degree of 
satisfyingness, attests the success of such ventures. In an earlier day 
such systematic groupings of personal observations were psychology, 
and there are many acute descriptions and cogent explanations of psy- 
chological phenomena in philosophical writings. Indeed, many such 
accounts have never been surpassed. The chief danger in abiding by 
such systems lies, of course, in the narrow factual perspective they 
afford. Bodies of acceptable scientific knowledge represent joint enter- 
prises by many different people united by common purposes and 
concepts; modern sciences are not compounded exclusively 
fireside speculations, however shrewd they may be. 

The scientific approach to the study of psychology differs not in 
the least, at the present time, from that which is employed in under- 
taking the study of any other basic science. The details differ; the 
point of view is the same. As a modern science psychology employs 
the method of experiment, the accoutrements of the laboratory, and 
the procedure of objective observation, just as do all other natural 
Sciences. Taking its cue from the imposing successes of the more 
mature sciences of nature, psychology adopted the experimental 
method only a few score years ago in the clear recognition that, while 
its objects of study might be vastly more complicated and correspond- 
ingly more difficult of exact experiment 
meeting the rigid demands of science 
way. The step taken by 


at least in all outward characteristics, by psychology in the latter part 
of the nineteenth. 


The beginnings of scientific psychology are peculiarly bound up 
with our subject-the human senses—and we shall do well, for that 
reason, to take a brief backward glance at experimental psychology’s 
origins. Through it we may hope to gain a perspective not obtainable 
in any other way, Though the senses have doubtless been the ob- 


of personal 


al manipulation, knowledge 
could be acquired in no other 
physics in the sixteenth century was repeated, 
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jects of interest and study since pre-history, their scientific description 
is a relatively recent product of the laboratory and of the experimental 
method. 


The Origins of Experimental Psychology. We like to date experi- 
mental psychology from the establishment of the first laboratory de- 
voted solely to the prosecution of its problems. In 1879, Wilhelm 
Wundt, one of the great figures of all time in psychology, formally 
opened at Leipzig a laboratory designed for the experimental investi- 
gation of a broad range of psychological processes. There were 
begun important studies of action, attention, feeling, association, 
memory, and, especially, sensation and perception. All these are still 
important rubrics in experimental psychology, and the vast influence 
of Wundt and his students in shaping the future course of the infant 
science can hardly be overestimated. Of course, experimental psy- 
chology did not spring, like Athene, “full-fledged from the forehead of 
Jove”; Wundt was in no sense entirely and single-handedly responsible 
for its inception. Even had he been a different sort of person he could 
not have boasted, as Napoleon is said to have done, that he was his 
own ancestor. The movement that had its first institutional expression 
in the Leipzig laboratory had been initiated by a very considerable 
number of worthy predecessors, chiefly physiologists, physicists, and 
philosophers. What made Wundt’s work a ‘founding effort was the 
fact that it gave clear expression and implementation to several con- 
verging influences in nineteenth-century science. 

There had been important figures, such as Helmholtz, Fechner, 
Weber, and Johannes Miiller, as well as a host of lesser lights, who 
had not only set the stage for the advent of a distinct science of ex- 
perimental psychology but who, through important physiological and 
physical experiments, had partially determined its ultimate trajectory. 
Also, there had been a very real and many-sided preparation for com- 
ing events within philosophy, particularly on the part of the British 
empiricists of the eighteenth century and the associationists of the 
^arly nineteenth. 

It has become apparent, in retrospect, that the first experimental 
psychology was not so much a borrowing from the more firmly estab- 
lished sciences and philosophy as it was an expression of a real need 
for a direct frontal attack, by approved scientific methods, on broad 
problems of human nature. One cannot go far into physics without 
confronting problems concerning the sensitivity and reliability of in- 
struments, and the most commonly employed "instrument" is, of 
course, the human observer. Similarly, one takes few steps into physi- 


4 Introduction 


ology, studying the manner of functioning of various bodily organs 
and tissue systems, without encountering the most general problems 
of the behavior of the organism as a whole. Further, the most per- 
sistent and abiding problems of philosophy, especially those having to 
do with the question of how knowledge is acquired, find answers pos- 
sible only when they are made specific and cast in terms of the details 
of human experience. Thus it is not surprising to find Ernst Mach, a 
physicist “unconstrained by the conventional barriers of the specialist,” 
publishing a volume on The Analysis of the Sensations, Charles Darwin 
producing a work on Expression of Emotion in Man and Animals, and 
Bishop Berkeley giving to the world, in successive years, his New 
Theory of Vision and the Principles of Human Knowledge. Nor are 
these in any sense isolated instances. Knowledge may be partitioned 
only through an artifice. The most thoughtful workers in any field will 
come, sooner or later, to a consideration of the most fascinating of all 
objects of study, man himself. 


The Psychophysical Law. One development of special significance 
in the pre-Wundtian days, important not only because it brought 
measurement into the service of psychology but because it supplied 
methods and materials destined to dominate much of the later work, 
was that coming from the pioneer work of Ernst Weber (1795-1878) 
and G. T. Fechner (1801-1887). Weber, a physiologist greatly inter- 
ested in problems of sense organ functions, a field to which he made 
many signal contributions, came in the course of his studies to direct 
special attention to the then little-understood sensations originating in 
muscles and their attachments. A discovery which will forever be 
linked with his name came out of an experiment designed to disclose 
the role of muscle sensations in the discrimination of weights of dif- 
ferent magnitudes. He first found that differences could be detected 
somewhat more readily when the weights were lifted, thus imposing 
strains on the muscles of the hand and arm, than when they were 
simply laid on the resting hand. In true experimental fashion he set 
out to vary systematically the 
weights of 4, 7.5, and 32 oz. 
and noting the effect on the 
discovered an intere 


various factors involved, using initial 
Adding small weights to these standards 
feelings of strain in the muscles, he soon 
sting relationship. All his results pointed to the 
generality that discrimination depends, not upon the absolute size of 
the difference between two weights, but upon the ratio of this size to 
that of the weight with which one starts. The ratio proved to be a 
constant one and to be independent of the 


st : absolute masses involved; 
the "just noticeable difference" always corre 


sponded to a constant frac- 
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tion of the standard stimulus. To produce a just perceptibly increased 
feeling of strain it was necessary to add a weight 749 as large as the 
amount already in force. Intrigued with this evidence for the rela- 
tivity of human judgments, Weber tested the applicability of his 
formula to other kinds of sensations and found that it apparently held, 
the necessary increase being invariably in the neighborhood of 2% 
or less for the discrimination of the lengths of lines when simul- 
taneously presented, and about 5% when shown successively. Other 
experiments, some less thoroughgoing than might be desired, led him 
to extend the law to touch and hearing, where he found pressures to 
be correctly discriminated if they stood in the ratio of 29 to 30, and 
tonal pitches to sound different to the musically trained ear if they 
bore the relation of 321 and 322. 

Recognition of the wide applicability and basic significance of 
"Webers Law" came at the hands of another, Gustav Fechner. For 
one whose early interests lay in the field of pure physics and whose 
leanings throughout a long and varied lifetime were broadly philo- 
sophical, it is a strange quirk of fate that Fechner should now be best 
known for the bias he gave to early experimental psychology. Yet 
Fechner's contribution came out of his philosophy. His general view, 
first expressed in his Zend-Avesta (1851), an odd mixture of oriental 
mysticism and occidental materialism, and later in his classical 
Elements of Psychophysics (1860), called for the most embracing of 
beliefs in the essential identity of the mental world and the physical 
world of matter. The transition from the one to the other would seem 
to be not impossible if a combining principle, involving a universal 
relation between the two, could be discovered. This principle Fechner 
believed he had found in Webers Law. But, whereas Weber had 
been content with the "just noticeable difference," Fechner reasoned 
further that all sensations, perhaps all mental processes, must be 
measurable in terms of their stimuli, and he came to formulate a more 
general “psychophysical” law. This law stated that the intensity of 
sensation is proportional to the intensity of stimulation, but that the 
relation is not a simple direct one. As sensations increase in equal 
steps, the stimuli necessary to set them off increase by equal ratios. 
The mathematical statement is S (sensation intensity) = k log I (stimu- 
lus intensity, energy ideally). 

It happens that the Weber-Fechner Law, as a later generation has 
named it. has been shown not to have anything like the universal 
applicability its originator claimed for it. Indeed, there is some doubt 
as to whether it is ever strictly true; certainly there are some instances 
in which it represents not even a fair approximation to reality. Numer- 
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ous criticisms have been directed against it on logical and factual 
grounds, and some critics, such as William James, have attempted to 
discredit it entirely. The value or truthfulness of the psychophysical 
law need not concern us especially at this point, however. Its im- 
portance in giving direction to early experimental psychology remains 
unquestioned. In the light of it scores of important investigations were 
carried out, and the results of these studies were naturally embodied 
in the content of the young science. Psychology had acquired a tech- 
nique of measurement, and its results could be expressed in the lan- 
guage of mathematics. At the same time, it was stressing heavily the 
content being quantified—the human senses. 


The Influence of Experimental Physiology. Any inventory of the 
influences leading to experimental psychology’s founding must include 
the very considerable one exerted by studies of nervous functions. 
From the beginning, psychologists have been intensely interested in 
the workings of the nervous system, and with good reason. It is truly 
the “organ of mind,” and, presumably, no fact concerning its operation 
is without some value or interest in aiding the interpretation of psycho- 
logical data. 

The years that were formative for experimental psychology were also 
those of significant and spectacular discovery for its older brother, 
experimental physiology. The first years of the nineteenth century 
had seen revealed the most basic principles of operation of the nervous 
system, especially Sir Charles Bell’s discovery that the spinal nerves 
were arranged in accordance with function, sensory fibers entering the 
posterior and motor fibers the anterior portions of the spinal cord. His 
"law of forward direction” in the nervous system has been considered 
to be as fundamental as Harvey's discovery of the circulation of the 
blood. Just at the time when Weber was doing his lifted weight ex- 
periments there was being disclosed the essential difference between 
the kinds of nervous pathways involved in voluntary actions and those 
responsible for purely automatic or "reflex" activities. Also, Johannes 
Müller was marshalling his arguments for his famous doctrine of 
"specific energies of nerves? an idea so basic and far-reaching that 
it forms the crux of many of our current disputes in sensory theory, to 
say nothing of its profound influence in shaping early experimental 
problems. The battle between "specificity" and “non-specificity” has 
filled many a psychological day. 

While Fechner was de 


vising his psychophysical law and performing 
somewhat tedious exper 


iments in support of it, Helmholtz brilliant 
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measurements of the speed of nervous conduction were being made. 
Helmholtz’ teacher, Johannes Müller, had supposed such measures to 
be impossible, regarding nerve impulsion to be of the order of the 
speed of light! The middle of the century saw also the beginnings of 
modern nerve cell theory and the development of techniques for stain- 
ing nerves, thus permitting their more exact anatomical study. Alto- 
gether, it was a happy combination of circumstances that joined neuro- 
logical discovery and interest in psychological phenomena in such 
a way as to provide mutual impetus to the two fields. To this day 
their contents, if not inextricably interwoven, are mutually comple- 
mentary. Experimental psychology would be pale without the inter- 
pretative coloring provided by an expanding knowledge of nervous 
functions, and, at the same time, experimental neurology may count 
among its most conspicuous successes discoveries prompted by psy- 
chological observations. 

Some of the influences responsible for the creation of a separate 
field of experimental psychology have been pointed out. Once estab- 
lished, its growth was rapid and its frontiers were greatly expanded. 
Its central topic, sensation, was a natural interest which continued to 
be prosecuted wherever the young science took root. Over half the 
studies issuing from Wundt’s laboratory and those of his students 
were concerned with sensation and perception. Of these the large 
majority were on vision, then as now pre-eminent among the sense 
channels as the conveyor of the most detailed and frequently the most 
urgent messages. Second in popularity as a research topic was the 
sense of hearing; next came touch and its near relatives in the family 
of senses and, finally, the chemical senses, smell and taste. This order 
still represents the relative importance of the various classes of sen- 
sation, whether one relies on professional judgment in coming to a 
conclusion about it or lets the number of technical publications in 
cach of these areas serve as a criterion. It is the order we shall follow 
in our systematic survey of the senses. 

It would be a mistake to suppose, because its origins are so closely 
bound up with the study of sensation, that experimental psychology 
thereby has the sole proprietary right to this field. We have already 
seen that physiology, especially neural physiology, has a legitimate 
claim to the senses, as do also some other neighboring disciplines. To 
come to an appreciation of what interests impinge upon the human 
senses, considered as objects of study, we do well to attempt to get 
into perspective the world of scientific knowledge and its mode of 


organization. 
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The Unity of Knowledge and the Diversity of Human Interests. Sci- 
entific knowledge, painstakingly amassed by many devotees over an 
extended period of human history, is nothing if not unitary when 
viewed in the large and against the background of superstition, folk- 
lore, and rule of thumb over which it has had to triumph. Its unity 
derives from a commonness of purpose, a rigor of logical planning and 
observational procedure, and a strict fidelity to the rules governing 
the use of the experimental method. Science seeks out, with detach- 
ment and disinterest, the unvarnished fact. In part, its unity derives 
also from the circumstance that different particular sciences, all having 
the same reality to view but doing so from different standpoints, come 
to describe many of the same objects and thus develop with other sci- 
ences a community of content. How this can come about is revealed 
by a useful figure once suggested by Titchener (282). He pictured 
the ^world of experience as contained in a great circle, and . . . scien- 
tific men as viewing this world from various stations on the periphery. 
There are . . . as many possible sciences as there are distinguishable 
points of view about the cir . no one of them in truth exhausts 
experience or completely describes the common subject-matter, though 
each one, if ideally complete, would exhaust some aspects of experi- 
ence.” "One and the same item of human experience may enter, as 
part of their subject-matter, into a large number of sciences; whence 
it follows that the sciences themselves cannot be distinguished, in any 
final accounting, by the specific character of the ‘objects’ with which 
they deal.” 


We know, of course, that sciences do not just "happen"; they do not 
find themselves in position on the circle by accident. Sciences are 
only slowly and arduously “constructed,” and each has a history pe- 
culiar to itself. Moreover, the stuff of which sciences are compounded 
is “mediate,” not “immediate” experience. Nevertheless, this view of 
the way in which the sciences are organized is helpful, not only in 
stressing the unity of knowledge but also in emphasizing, in the peri- 
pheral dimension, the intimacy of relation amon 
proaches. One sees that it is, ai 


g the various ap- 
fter all, but a step—albeit one that 
offers at the conclusion of it a new and different vista of reality—from 
psychology to physiology, say, or from pathology to physics. Nor does 
any particular harm come from the journeying of the individual scien- 
tist if he chooses to traverse the scientific circle. He is under no com- 


oe to remain uncompromisingly at one position on the perimeter. 
ot only should he be permitted to wander from his own observation 
post, but, provided only that he 


a preserve his orientation constantly, 
should be 'Ourage ake fr isi i ienti igh 
encouraged to make frequent visits to his scientific neigh- 
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bors. It is only necessary that he avoid too great a peripheral velocity, 
for that way lies superficiality, dilettantism, or even, as Boring has 
termed it, “epistemological vertigo.” 

Nowhere in science is there a content having more points of im- 
pingement on human interests than that provided by the senses of 
man. All knowledge, as the Sophists of ancient Greece knew, comes 
only through the senses, and those who would “know how they know” 
turn quite naturally to the contemplation of the senses as the originators 
of experience. “The eye,” John Locke noted in his Essay Concerning 
Human Understanding, “whilst it makes us see and perceive all other 
things, takes no notice of itself,” and it becomes the special business 
of the sciences arranged about the circumference of Titchener’s great 
circle, not to mention a variety of artistic and technological concerns 
representing powerful springs of human action, to furnish the means 
whereby an understanding of the visual process—and those of the other 
senses—can be attained. 

The range of interests brought to bear on sensation and the senses 
is of prodigious extent. Consider vision. The study of what and how 
we see is not alone the business of scientific man, though he is doubt- 
less in the most favored position to supply a full and impartial descrip- 
tion. The visual process is also of importance to man considered medi- 
cally, artistically, economically, educationally, and even politically. 
Charles II of England, perhaps remembering the price on his own 
head in Cromwell’s time, is said to have derived much amusement 
from Mariotte’s demonstration of the blind spot of the eye (1668) and 
required his courtiers to repeat the experiment to observe how they 
would look with their heads off! The mode of operation of the human 
eye is of practical concern to the physician as he checks the retinal 
color zones for evidences of disease or malfunction, to the painter in 
oils as he teases depth out of light and shade, to the advertising expert 
as he assaults the eye with all manner of suggestions for purchase, and 
to the professional educator with his modern reliance on visual aids. 
And these are, of course, in no wise isolated examples. Man viewed 
militarily or legally or as an engineering or linguistic creature would 
yield up myriads of instances in which visual sensation is a central 
consideration and thus itself a natural object of study. The visual im- 
plications have to be taken into account whenever there swing into 
action the illuminating engineer, the stage lighting expert, the designer 
of aircraft instruments or submarine controls, the railroad signalman, 
the paper chemist, the fabricator of ceramics or textiles, the manufac- 
turing pharmacist, the designer of automobile bodies, the blender of 
paints, or the optical instrument maker. The list might go on and on, 
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for it is difficult to think of human skills or technical knowledge or 
artistic endeavors apart from the visual sensations on which they in 
such large measure depend. 

Nor is the visual channel the sole one of importance in human affairs. 
The fields of communication, entertainment, and education make 
almost incessant demands on our hearing apparatus, while the housing 
and clothing industries are monuments to our cutaneous senses, just 
as the food technologies are to our chemical senses. Little wonder 
that philosophers throughout the ages, when they have not been exalt- 
ing Reason, have been extolling Sensation as the very essence of 
Truth. Little wonder that the scientific study of sensation and the 


senses forms today, as it did in Wundt's time, the most fundamental 
of psychological contents. 


The Senses and Human Engineering. In the chapters that follow 
we shall be dealing, for the most part, with the senses considered in 
their fundamental or “pure science” aspect. The treatment accorded 
them will be systematic, and the aim will be to arrive at descriptive 
accounts which may be expected to hold good in a variety of settings 
and a diversity of applications. However, the impression should not 
be given that sensory psychology, as presently constituted, has no 
"applied" or technological side, that it fails to square with the manifold 
human needs and interests which, we have seen, may be brought to 
bear on it. Indeed, in evidence of just such a meeting of practical 
demands there has been witnessed in recent years the very lively growth 
of what has been variously called “human engineering," "psycho- 
technology," and "engineering psychology," a central concern of which 
is sensation and the senses. This development is a significant one and 
one whose latent possibilities have not even been estimated as yet. 

Human engineering, born of World War II though a lineal descend- 
ant of both pre-war experimental psychology and engincering design 
practices, has thus far busied itself mainly with problems of a military 
nature. It is a product of the times, and, whereas in 
world it could have been expected that engineering psychology would 
have enjoyed its most conspicuous successes in the solution of indus- 
trial problems, necessity has dictated otherwise. 
and the predicaments created by warfare h 
pations (93). 

Modern military equipment and weapon systems impose an in- 
credibly heavy burden on man's senses. We think of shipboard radar, 
€.& as a device for dispensing with the masthead lookout and thus 
of circumventing the limitations of man's sensory endowments. Radar 


a less unsettled 


Military weapons 
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searches where the eye cannot see, through darkness and fog and be- 
yond the acuity limits of human vision. However, as was repeatedly 
demonstrated in World War II, what radar and similar devices also 
do is to substitute one sensory task for another and, while effectively 
extending the range of exploration, also come to require discrimina- 
tions that tax the capabilities of sense organs. “This recent war,” 
writes Stevens in evaluation of the military role of human engineering 
(271, p. 390), “was different from other wars in the peculiar respect 
that it was fought largely on margin—sensory margin—where the battle 
hangs on the power of the eyes or the ears to make a fine discrimina- 
tion, to estimate a distance, to see or hear a signal which is just at the 
edge of human capacity . . . and the paradox of it is that the faster 
the engineers and the inventors served up their ‘automatic’ gadgets to 
eliminate the human factor the tighter the squeeze became on the 


» 


powers of the operator. . . . 

Principles of visual psychophysiology found ready application in 
the design of instrument faces and dials, radar consoles, gunsights, 
binoculars, stereoscopic height finders, aircraft insignia, cockpit light- 
ing, and in a number of situations requiring optimal arrangement of 
men and equipment in ships, airplanes, and tanks. Auditory psycho- 
physiology—“psychoacoustics,” it came to be called—was brought to 
bear on problems of voice communication systems, where the study of 
speech intelligibility under various conditions of wave distortion and 
“jamming” led to important discoveries concerning the best ways to 
“package” speech and to improve equipment for transmitting and re- 
ceiving it. Experience in audition was also put to work on underwater 
sound detection devices and auditory signal systems, such as aircraft 
radio ranges and “flybar” (flying by auditory reference). 

Even the sense of touch, not ordinarily a receiver of information 
originating at a distance and thus of less intrinsic military importance 
than its more highly developed relatives in the family of senses, came 
in for special investigation in connection with the tactual discrimina- 
tion of shapes for knobs and handles of control levers. Especially in 
airplane cockpits, where a plethora of instruments and controls con- 
fronts the pilot, any device or procedure which will lessen the de- 
mands on vision and audition may be counted a distinct boon. A be- 
wildering array of levers, knobs, switches, pedals, and wheels lies about 
the pilot as, among other things, he adjusts engine and flight controls, 
landing gear, lights, “intercom,” and radio (57, p. 198). To make 
matters worse, aircraft designers, for what must seem to them to be 
adequate reasons, have a way of changing the positions of vital con- 
trols from one type of airplane to another. Thorough training can, 
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of course, be expected to automatize responses, and the properly 
“transitioned” pilot will normally seek out the correct lever or switch, 
even in an emergency situation. However, let his habit systems be- 
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Knobs found best for shape coding of controls. From Jenkins, 172. 
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plane controls (306, 172). Plastic knobs of all conceivable shapes 
were devised and mounted on the ends of rods projecting vertically 
from the circumference of a turntable. Twenty-five different shapes 
were selected for use in a carefully designed experiment. In each trial 
the blindfolded subject was first required to feel a given knob for 1 
second, the turntable orientation was changed, and the subject’s task 
was then to find the originally presented knob by “feel” alone. Half 
the trials were with the bare hand, half with the subject wearing a 
standard flight glove. Eighty experienced pilots took part in the ex- 
periment. A record was kept both of outright misidentifications of 
knobs and of undue hesitation in arriving at a decision, though it 
turned out that the two kinds of indices led to substantially the same 
conclusions. Nearly all subjects made some errors, confusions be- 
tween certain pairings of knobs were common, and hesitancy in de- 
cision was frequently noted. In some instances the amount of error 
ranged up to 40%. The more experienced pilots, those with the larger 
number of flying hours to their credit, were no better in this task 
than the less experienced. The wearing of gloves reduced accuracy 
somewhat but not as much as one might suppose. From an analysis 
of the errors of confusion and hesitation made in nearly 2000 com- 
parisons there eventually emerged the 11 knobs displayed in Fig. 1 
as representing the range of useful shapes for this purpose. All others 
had to be discarded as potential troublemakers. Among 8 of the knobs 
retained there had been no confusions whatever, and 3 additional ones 
were sufficiently free from error to be included as satisfactory. "These 
are the shapes one uses when maximal tactual discriminability between 
neighboring controls is desired. 

This account of a particular wartime experiment and of the prac- 
tical setting from which it developed can hardly do more than serve 
as an example to suggest the flavor of the problems and interests char- 
acterizing the field of human engineering and its stake in the human 
senses. It is to be presumed—and certainly is devoutly to be wished— 
that successes of the kind already achieved in the military milieu can 
be duplicated, even greatly extended, among more peaceful pursuits. 
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The Visual Stimulus 
and the Eye 


Of the several senses giving us inform 
in the world around us, none is richer th 
the most highly developed of our sense 
complex in structure 
experiences. 


ation about things and events 
an the visual one. The eye is 
organs, being at once the most 
and the mediator of the most elaborate of our 
It is because vision yields the most varied sensations, 
setting the pattern for many analogous phenomena in other depart- 
ments of sense, that we do well to consider it first. 


To appreciate fully the way in which visual sensations are initiated 


it is necessary to understand not only the manner of functioning of the 
eye but also the nature of the stimuli that operate upon it. The nor- 
mal or adequate stimulus for vision is, of course, light, but other forms 
of energy, properly brought to bear upon the visual apparatus, can 
produce visual sensations, Press upon the eyeball, and diffusely pat- 
terned “luminous” patches are seen; apply a sufficiently strong galvanic 
current to the closed eyelid, completing the circuit through some other 
part of the body, and a pinkish white or bluish white “glow” is seen 


at the moment of contact. Thus light is not the only possible stimulus 


for vision, though nearly all visual experiences are generated through 
its action, 


Physical Conceptions of Light. Light, as at present conceived by 
the physicist, is either a form of energy propagated by wave motion 
(undulatory theory) or it consists of a barrage of emissive particles 
(quantum theory). The two conceptions are struggling for ascend- 
ancy, and each view has its virtues and difficulties, Both “explain” a 
wide variety of phenomena and both are used, somewhat indiscrim- 
ee in ie fresh discoveries, Interpretation requires at one 
ime the undulator , r issi 
cially is the PRR A iden A the missive feta Sel 
ties of light, whereas the wave contention is pie ag ou 

ed for the phenomena 
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of light interference. Fortunately, it is not necessary for us to wait 
upon the final solution; consistency of a sort is accomplished by the 
modern physicist, and translations from one to the other mode of 
thinking are not only possible but common. 


Light Sources. Sources of light are of two kinds: incandescent bodies 
(“hot” sources), and luminescent bodies (“cold” sources). Practical 
sources for experimental purposes have, until recently, been almost 
exclusively of the incandescent variety. The sun, some kinds of flames, 
electric arcs, and most electric lamps are incandescent sources. In 
general, this kind of light generator is highly wasteful of energy. 
However, standardization of incandescent lamp equipment has reached 
a high point of development, and convenience of operation favors its 
use. Within recent years there have been seen the beginnings of the 
practical use of luminescent sources but the possibilities of their ap- 
plication to experimental needs have hardly been explored as yet. 
Light may be obtained from cathode rays (electroluminescence ), from 
crushing and rubbing certain materials (triboluminescence), from the 
chemical activity basic to certain biological processes, e.g., the flashing 
of fireflies (chemiluminescence ), and from the action of short-wave 
radiation upon “phosphorescent” and “fluorescent” materials. It is this! 
last sort of luminescence that offers the most immediate possibility of 
widespread commercial usefulness. Fluorescent materials are those 
that glow during activation; phosphorescence is an effect continuing 
after the cessation of activation. The future will doubtless witness 
important changes in the direction of more common use of luminescent 
sources because their efficiency is so relatively high. The light output 
from standard commercial fluorescent tubes is more than five times 
that from corresponding tungsten filament lamps. 

For many experiments in vision “daylight” is an ideal source. Light 
from the sun is, of course, a natural standard, but only those observa- 
tions that can be made relatively quickly can utilize this illuminant. 
Not only are there likely to be wide intensive variations from moment 
to moment, when reflected daylight is used, but the wavelength com- 
position changes with the elevation of the sun. Inconstancies may be 
minimized with “north” light and a moderately overcast sky; the illu- 
mination favored by artists is also the best for the laboratory. For 
extended experiments involving repeated observations, especially those 
of a quantitative sort, it is better to employ an artificial illuminant, 
the characteristics of which will remain invariable throughout the ex- 
periment. Several such illuminants have become standard and are 
used in the most careful visual research. They utilize suitably filtered 
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light from a lamp, the “color temperature” of which is specified. How- 
ever, in most experiments reproducibility is assured if only the type 
of lamp and the power supplying it are known. One is ordinarily not 
so much interested in the source as in the illumination yielded by it, 
and this may be measured with accuracy. 


The Visible Spectrum. Light waves of significance for vision occupy 
but a relatively short range of the total electromagnetic spectrum 


(Fig. 2). The entire range of radiations extends from the extremely 
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short cosmic rays (10 trillionths of an inch), at one end, to the long 
radio waves (many miles), at the other. Under usual conditions 
visual stimulation involves less than !Z, of this range, waves whose 
lengths vary from about 380 mp (millimicrons, millionths of milli- 
meters) to about 760 my. Below the shortest visible (“violet”) waves 
lie the chemically active ultraviolet ones, and above the longest (“red”) 
are the thermally active infrared waves. Nearly all light sources emit 
waves belonging to one or the other neighboring region or to both. 
Actually, under some special conditions, the eye is capable of respond- 
ing to waves coming from the infrared and ultraviolet regions. Re- 
liable measurements of visible light, involving very high energies, have 
extended into the ultraviolet to wavelength (A) 312.5 mp and into the 
infrared to A1050 my. The calculation has been made (289, p. 199) 
that A310 my and A1150 my represent the approximate theoretical lim- 
its of light absorption by the eye, assuming presently available sources 
of radiation. To sce a light of A1000 my, say, there is required a source 
10 billion times as strong as that needed to sce a light of A562 mp. 


Light Units T 


While most visual objects send to the eye an elaborate mixture of 
waves of various length, it is possible with suitable apparatus to con- 
fine the waves to a narrow band and thus produce relatively “pure” 
stimuli. One way is to mask out all but a narrow wavelength band by 
the use of an adjustable slit placed over the spread-out spectrum. 
Spectrometers and monochromators employ this principle. Another 
method is to utilize filters which, by absorbing a great proportion of 
light incident to them, pass only a short range of waves. Such filters, 
made either of dye dissolved in glass or of colored gelatine films (or- 
dinarily protected by optical glass), are said to be “monochromatic,” 
though in any literal sense the term is obviously a misnomer. They are 
“monochromatic” only in the sense that a single color is seen when 
looking through them. Filters are available for many specific uses, 
and a wide range of transmission characteristics may be obtained. 

Far more common than exposing the eye to light transmitted directly 
from the source is the practice, in visual experiments, of using reflected 
light as the stimulus. Light impinging on any object meets one of 
three fates: it is transmitted, absorbed, or reflected. Whatever is trans- 
mitted or reflected produces no change in the object. If the object ab- 
sorbs visible light it is, by definition, a pigment. Colored papers and 
other pigmented surfaces, commonly used in visual experiments of a 
qualitative nature, owe their "color" to the fact that they selectively 
absorb light, reflecting those waves which, when sensed, yield sensa- 
tions of color. It is vital that the concept of “color” be reserved for 
the sensation. Light, physically speaking, has no color; a color is not 
a color until it is seen. At the stimulus level we are dealing only with 
light waves which, to be sure, may vary among themselves in impor- 
tant respects, but color is not one of their physical properties. 


Light Units. A physical dimension of light stimuli, of the utmost 
importance for our consideration, is that of intensity. The potential 
stimulating value of an object reflecting or transmitting light is in 
large measure determined by its intensity. There are four fundamen- 
tal concepts concerned here: luminous flux, luminous intensity or can- 
dlepower, illuminance, and luminance or photometric brightness. 
Luminous flux, measured in units of lumens, is the basic concept, and 
the remaining three are defined in terms of it. Luminous flux is the 
rate of flow of light energy and is thus analogous to power in other 
energy systems. Since the rate of flow is constant, for practical pur- 
poses, luminous flux may be regarded as an entity which varies only 
in amount. The lumen, the unit of flux, is defined as the amount ot 
light emitted in a unit solid angle by a standard candle. Thus the 
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amount of light falling on an area of 1 m? situated 1 m distant from 
a standard candle (or an area of 1 ft? at a distance of 1 ft), would 
be 1 lumen. A point source of one candle emits a total flux of dr 
lumens. 

The intensity of a source is measured in candlepower, 1 candlepower 
being the intensity of the accepted “standard” candle. From time to 
time there have been in use many variously defined “candles,” but 
current practice is based on the international candle, adopted by Eng- 
land, France, and America in 1909 and defined in terms of electrical 
consumption in a lamp. Secondary standards are readily set up by 
matching the primary one, and it is convenient to refer to these. In- 
candescent lamps, calibrated by some certifying agency such as the 
National Bureau of Standards, constitute our actual “reference” stand- 
ards, and “working” standards can be reproduced quite simply by the 
methods of photometry. 

The concept of illuminance (illumination intensity) involves the 
idea of interception of light flux by a surface. Illuminance is measured 
in terms of the density of flux falling on a surface. There are several 
available illuminance units of which the foot-candle is perhaps the 
most commonly used. The foot-candle is defined as the illumination 
received on a surface 1 ft? in area when this surface is supplied by 
a uniformly distributed flux of 1 lumen. Most illuminometers, por- 
table devices for measuring illuminance, are direct-reading in foot- 
candles. An important relation, the inverse square law, applies to illu- 
minance. This states that illumination intensity is inversely propor- 
tional to the square of the distance from the source, E (ft-candles) — I 
(candles)/D? (ft?). Knowing the intensity of the source in candle- 
power we may compute the illuminance at a given point, or, conversely, 
illuminance having been measured at a surface, the candlepower of 
the source may be calculated. 

Ordinarily, we are less interested in specifying the intensity of illu- 
mination incident to an object than we are in stating the flux proceed- 
ing to the eye from a unit area of its surface. In the latter case the 
luminance (photometric brightness) of the surface is determined. 
Specifications of luminance are made in terms of candles per square 
centimeter. Numerical conversions into other units of luminance are 
possible, and there will be found in the literature of vision a veritable 
plethora of such units, including the lambert (lumens/cm?) and milli- 
lambert (0.001 lambert), the foot-lambert or apparent foot-candle, 
and many others. There is a somewhat common practice, in visual 
Science, of expressing stimulus intensities in terms of actual illuminance 
of the retina, once the light has reached the eye and its amount has 
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been cut down by the pupil. In such cases intensity is specified in 
terms of trolands, a troland being defined as a luminance of one candle 
per square meter passing through a pupil of 1 mm?. This unit was 
formerly called the “photon,” a designation which was perhaps un- 
fortunate since the term has wide currency in physics, where it desig- 
nates the ultimate and indivisible unit of visible radiation in the quan- 
tum theory of light. The context ordinarily keeps the two meanings 


apart, of course. 


Photometry. Photometers, the instruments with which light inten- 
sity measurements are made, exist in a profusion of designs. How- 
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housing the standard lamp may be moved back and forth with a rack and pinion, 

and thus, by utilizing the inverse square law of illuminance, there may be brought 

about an equation with the unknown light. The standard illuminates the outer 

field, the unknown the inner one. The Lummer-Brodhun cube, shown in the 

head of the instrument and enlarged in the lower diagram, makes possible juxta- 

Position of the two lights to be compared. Reproduced by courtesy of Leeds 
and Northrup, Philadelphia. 


ever, many of them are basically similar in that they provide two or 
more neighboring fields of view which permit the direct comparison 
of two luminances, the unknown and a known standard (Fig. 3). The 
greatest accuracy in light measurement is associated with the use of 
the Lummer-Brodhun type of photometer, though there are several 
others only a little less sensitive. The Macbeth Iluminometer, a por- 
table photometer using a Lummer-Brodhun cube, is perhaps the best 
known of the precision instruments for intensity measurement. Since 
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the development of the generating type of photoelectric cell, there has 
been a wide application of this device to photometry. In visual pho- 
tometry the eye can only tell us when two adjoining surfaces are equal, 
or approximately equal, in brightness. It cannot tell us directly how 
bright the surface is. Since the electrical output of a photocell is pro- 
portional to the intensity of light falling on it, a meter connected to 
the cell can be calibrated to read directly in foot-candles (or some 
other unit) of illuminance. However, as yet, visual photometry yields 
more delicate measures than does any photoelectric method. 


Intensity Control. It is one thing to measure light intensities and 
another to control them in visual experiments. Several different prin- 
ciples may be used, however, to effect the necessary control. A simple 
expedient in changing light intensity is to vary the distance of the 
source, thus taking advantage of the inverse square law. However, 
more often than not, this method is inconvenient, and other devices 
have to be resorted to. If continuous or “smooth” variation is de- 
manded, one may use diaphragms, “wedges,” or polarization of light. 
If it is necessary only to alter intensity in gross steps, diffusion plates, 
sectored discs, or “neutral tint” filters are of value. 

Since, in many optical systems, lenses are employed to direct, gather, 
or focus light, one simple way to vary the light flux is to insert in the 
system an adjustable diaphragm of the type used in cameras, prefer- 
ably near a lens, since control is more critical at such a point. The 
optical wedge consists of a long strip of film, underexposed at one end 
and greatly overexposed at the other, there being a continuous gradua- 
tion of density along its length. Suitably mounted in glass and sup- 
plemented by a small “balancing wedge” to cut down all parts of the 
light beam equally, it provides a convenient method of varying inten- 
sity over a wide range. A third device is the Nicol prism. Its use as 
a polarizer of light, and hence its employment in polarimeters, sac- 
charimeters, and similar instruments, is familiar. Since, for visual pur- 
poses, it makes no difference whether light is vibrating in only one 
plane or in all, a pair of Nicol prisms (“polarizer” and *analyzer") in 
a light path can be used to vary light intensity smoothly. The recent 
development of polarizing sheets (“Polaroid”) for the same purpose 
is useful, since the great disadvantage of the ordinary variety of Nicols 
is their small size. 

For changing intensity in steps a simple method is to diffuse light, 
thus effectively losing a portion of it, by inserting in the light path 
one or more ground glass sheets or other uniform translucent material. 
Àn improvement is to employ variously exposed and developed photo- 
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graphic slides; the geometrical relations of an image being transmitted 
by the optical system are thus preserved. Ruled glass sheets of the 
type used by photoengravers are excellent as diffusion plates. Rotat- 
ing sectored discs, driven at speeds sufficiently high to eliminate all 
perceptible flicker, are sometimes of service. A general relation, known 
as Talbots Law, applies here. The brightness of a surface supplied 
by light passing through a rapidly rotated sectored disc is the same 
as it would be if it were illuminated by a beam whose intensity was 
the same fractional part of the original beam as the angular opening 
in the disc is of the total 360°. Thus a disc having open sectors totaling 
180° will halve the intensity, one of 36° would transmit but 10% of the 
incident light, etc. A number of prepared discs which can be slipped 
on and off a motor shaft thus provide a readily reproducible series of 
intensities. Two such sectored discs, used together and capable of 
being locked together at any one of a variety of settings, comprise the 
so-called episcotister. This is especially useful where one wishes 
quickly to equate two intensities in photometry. Finally, “neutral 
tint” filters in a wide range of transmission values are commercially 
available. These, like wedges, are made of non-selective film and thus 
appear satisfactorily “gray,” are housed between optically flat glass, 
and are extremely stable as to transmission. Combinations of such 
filters and optical wedges, in tandem, are especially useful. 

There are other physical properties of light and features of its control 
that are advantageous to know about but which need not be discussed 
generally, We shall encounter some of them in their specific settings. 
It is important that we go on to consider the anatomical and physio- 
logical properties of the eye so that we may understand the bases of 
light reception by the organism. 


` 

The Gross Anatomy of the Eye. The structure of the eye has been 
frequently compared to that of a camera, and in a very general way 
the analogy is a sound one. Like the camera it admits light through 
an adjustable “diaphragm” and focuses images by means of a lens on 
a sensitive surface. But the details of the two differ in many important 
respects, and the human eye appears, upon detailed study, to be much 
more complex in construction and operation than the most elaborate 
camera ever conceived. 

The main features of the eye’s form and its chief components may 
be seen in F ig. 4. It will be noted that, in the main, three layers are 
present, The outer covering, the sclera, forms a tough, fibrous, pro- 
tective coat for the delicate layers within. The cornea is continuous 
With the sclerotic coat but, being transparent, forms one of the re- 
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fracting media of the eye. Loosely attached to the sclera and forming 
the second of the layers is the choroid, consisting largely of blood 
vessels freely interlaced with each other. The choroid is the great 
nutritive structure of the eyeball, but in addition it contains brownish 
black pigment cells, probably important in light reception. The 
choroid becomes modified in the front of the eye to form the iris. The 
innermost layer, the retina, is of utmost importance for our considera- 
tion, since it is the retina that contains the terminations of the optic 
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nerve and hence is the locus of light reception. The retina extends 
nearly as far forward as the ciliary body, the latter composed largely 
of muscular tissue and situated at the junction of the iris and choroid. 

The crystalline lens of the eye, a remarkable body whose shape may 
change and thus have its focal length altered, is attached to the ciliary 
body by ligaments. The lens is completely encased within a mem- 
branous capsule, and tension exerted on the capsule by the ciliary 
muscle brings about a change of curvature, more especially of the 
anterior surface, which is at all times less rounded than the posterior 
surface. The space between the front of the lens and the cornea is 
filled with a dilute salty solution, the aqueous humor (*watery sub- 
stance,”) while the great bulk of the eyeball, the space between the 
back of the lens and the retina, is composed of transparent vitreous 
humor (“glassy substance”). The latter gives “body” to the eyeball 
and preserves its nearly spherical shape. 
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matic interest. Pupil responses can reveal not only certain p E 
within the eye itself but may serve to indicate quite remote ha cni 
ings in the body. appen- 

The pupil opening determines the amount of light flux that will fall 
on the retina and is capable of a considerable range of adjustment 
Its major response is a reflex one, controlled almost exclusively by the 
sense cells situated at and near the center of the retina (80). Sehen 
bright light strikes the retina the pupil may be constricted to an open- 
ing of less than 2 mm diameter. In the absence of light the pupil may 
dilate to over 8 mm diameter. Such a change represents about a 
seventeenfold increase in the area of the opening. The pupil is thus 
a primary determiner of the effective stimulus at the retina and, since 


its response is a prompt one, serves as an emergency device to help 
bring about an adjustment of the organism to fluctuations in light 
intensity (243). 

Two other features of the gross anatomy of the eye are important. 
One is the occurrence of a small indentation at the back of the eye 
known as the fovea centralis. The fovea has special functional prop- 


erties which we shall have occasion to consider. The other area to be 
noted is the colliculus or optic disc, situated about 3 mm to the nasal 
side and 1 mm below the fovea. Here the nerve fibers from all parts 


of the retina are collected and leave the eye as a bundle, the second 
cranial or optic nerve. F unctionally, the area of exit is known as the 
*blind spot" because no nerve terminations exist here and there is no 
way whereby incident light may become effective. 


The Structure of the Retina. The larger picture of the eye, then, 
is of three coats or layers: the sclera ( protective), the choroid (nu- 
tritive), and the retina (sensitive). The retina must now be consid- 
ered somewhat more intimately. Figure 5 shows, in schematic form, 
the plan of the retina. Tt is seen to have a somewhat complicated 
structure, though not an unintelligible one. The first fact to note is 
that two different types of nerve endings are present, cones and rods, 


so named from their conical and cylindrical tips. The next is that 
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they are oriented away from the source of light, the front of the p 
their tips pointing toward the choroid. It is for this reason that the 
human eye, in common with the eyes of other vertebrates, is said to 
have an "inverted" retina. A third general feature concerns the type 
of connection the cones and rods make with the fibers of the optic 
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Fic, 5. Detailed structure of the retina. The cones, C, are connected indi- 
vidually to bipolar cells, BP, while the rods, R, show multiple connection. From 
Detwiler, 


78. By permission of the editor, American Scientist. 
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Rods and cones are not haphazardly distributed throughout the 
retina. At the center of the retina, the fovea centralis, there can be 
found only cones. In that region the cones are tightly packed together 
and, in consequence, are longer and thinner (0.001 mm) at the fovea 
than elsewhere. In fact, were there not so many proofs to the con- 
trary, we should suppose from their appearance that they were rods. 
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Fovea Temporal retina 
Distance from the fovea 
Fic. 6. Distribution of rods and cones throughout the retina. The number of 
end organs per unit area from the fovea to the extreme periphery has PU plotted. 
Cones are represented by solid, rods by open, circles. The inset shows the regions 
Sampled by Qsterberg (225) in obtaining the counts, From Chapanis, 56. Cour- 
tesy of the National Research Council and the author. 


Nasal retina 


The fovea itself is of very small area, subtending an angle of but 1.5*. 
Surrounding the fovea, and including the fovea within it, is a larger 
area likewise devoid of rods. This is the macula lutea (“yellow 
Spot"), so called because of its appearance when viewed through an 
ophthalmoscope. The macula subtends about a 8° angle. Just out- 
side the macula, rods begin to put in their appearance, and as one 
Eoes further into the periphery of the retina the population of rods 
becomes progressively denser. The concentration of cones folls off 
rapidly just outside the macula and, at a distance of about 20° from 
the fovea, reaches a low value which remains fairly constant through- 
out the rest of the periphery. There has been only one careful count 
of retinal rods and cones and that in only a single human. In 1935, 
Østerberg took the tally, examining 164 different sample areas of the 
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retina (225). The plot of his findings appears in Fig. 6; the shaded 
area of the inset shows where the counts were made. 

In the human retina there are about 6% million cones and upward 
of 100 million rods. In any given area of the retina the number of 
functioning end organs (under a specified set of stimulus conditions) 
determines the fineness of detail that can be seen, just as in the photo- 
graphic plate the intimacy of detail in the picture depends on fineness 
of "grain" in the emulsion. Whereas, on the average, there are 140,000 
to 160,000 cones per square millimeter in the human retina, it must 
be that not all are functioning at one time except under conditions of 
maximal stimulation. Otherwise variations in light intensity would 
not bring with them corresponding changes in the acuteness of seeing. 

Rods and cones differ from each other not only in anatomy and dis- 
tribution; chemical differences between them are known to exist. 
Either contained within them or closely associated with rods is a ma- 
terial known as rhodopsin or “visual purple." The characteristics of 
rhodopsin are by now well known, since it may be extracted from the 
vertebrate retina and used experimentally. Visual purple is found to 
be sensitive to all but dim red light and will bleach when exposed to 
light from all other parts of the spectrum. Its absorption curve has 
been determined, and its bleaching properties correspond well with 
those predicted from a knowledge of the behavior of rods in the visual 
process. Rhodopsin has been subjected to a careful chemical analysis 
and is found to be one of the so-called conjugated carotenoid proteins 
and, like all similar substances, has a large molecule. A recent deter- 
mination shows rhodopsin to have a molecular weight of 45,600. 

The material of the cones has not been isolated as yet, but its ex- 
istence has been amply demonstrated. There are good reasons for 
believing that it is also a carotenoid protein. It has been given the 
name iodopsin or “visual violet” by its discoverer, George Wald. 


The Optic Nerve Pathway. There remains for consideration the 
course taken by the optic nerve as it leaves the eyeball and proceeds 
to the brain. The bundles of fibers from the two eyes converge to 
join and apparently cross at the optic chiasma (from the Greek chi, 
across). But the complete crossing is only apparent. At the chiasma 
there occurs instead a half-crossing, or hemidecussation, one part of 
the fibers crossing to the opposite side of the brain, the other con- 
tinuing on its own side. The fibers which cross over in each optic 
nerve are those originating in the inner half of the retina. The effect 
of this arrangement is to include in the right optic tract, behind the 
chiasma, all fibers coming from the right halves of the two retinae. 
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Fibers from the left halves terminate in the left side of the brain. 
Beyond the chiasma the fibers proceed to the thalamus and terminate 
chiefly in the lateral geniculate body of that center. Other fibers, 
arising at this point and connecting with the optic nerve fibers, con- 
vey impulses to the occipital lobes of the cerebrum. 

In the main, there is a preservation of an anatomical point-to-point 
conduction in the entire pathway. Pathological studies and especially 
nerve degeneration experiments on animals (195) prove this to be 
the case. Distinctly favored, in the entire scheme, are the fibers com- 
ing from the central portions of the two retinae. It appears that the 
macular region either has special representation in the brain or it sends 
fibers to both hemispheres. The point is still disputed, but it is def- 
initely known that, in those brain injuries where an entire occipital 
lobe is put out of commission, the resulting damage to the visual field, 
oftener than not, spares the macula. 

The consequences of this arrangement of fibers for interpretation 
of visual phenomena are many. The design of the optic pathways must 
be kept in mind in the setting of visual experiments. Light stimuli 
impinging on corresponding points of the two eyes must release optic 
nerve impulses that find a common final path, while those from oppo- 
site sides of the retinae presumably cannot do so. 
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The Absolute Threshold. Light may be thrown into the eye at such 
a low level of energy as to produce no detectable response on the part 
of the visual apparatus. A general phenomenon, encountered in all 
sense departments, is that of the threshold; a certain minimum amount 
of energy must be delivered to the sense organ before sensation can 
be aroused. This value is known as the absolute or stimulus threshold. 

Of what order is the minimum energy necessary to elicit a visual 
sensation? This question has been raised experimentally many times, 
and several answers are available. However, a set of determinations 
by Hecht and his co-workers (159) is superior to earlier ones, with 
respect to both technique of measurement and control of the several 
complicating factors encountered in such experiments. A small patch 
of light, of variable intensity but of constant wavelength composition, 
was thrown into the eye so as to fall on a small area, containing per- 
haps 500 rods, situated outside the macula. The exposure time was 
held constant at 0.001 second (1 msec). In successive trials the in- 
tensity was varied with an optical wedge, and the observer's task was 
simply that of reporting whether or not the light flash was seen. Over 
a large series of trials the average intensity necessary to produce a 
just visible flash was determined. From the intensitive measurement 
the liminal energy was calculated. This value varied from 21 to 57 
hundred billionths of an erg in different observers, extremely small 
values indeed. Not all the light emitted by the test patch was effective, 
of course, and a series of corrections had to be applied. A small 
amount, about 4%, was lost through reflection back from the surface 
of the cornea and another 50% was lost by scattering through the optic 
media of the eyeball, while perhaps 80% of the remainder failed to be 
absorbed by the rhodopsin of the rods. Cones, as we shall see later, 
presumably did not participate in such low-intensity reactions. Allow- 
ance being made for all these, it turns out that the effective light energy 
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at the threshold is of the order of a few hundred billionths of an erg. 
Stated otherwise and in terms of quantum calculations, it appears that 
between 5 and 14 light quanta (average of 7) are necessary to stim- 
ulate the visual organ. Assuming each rod to act when a single quan- 
tum is absorbed, it must require the release of but 1 molecule of 
rhodopsin in each of only 7 rods to initiate a visual effect. From these 
measurements an important conception may be reached. The visual 
apparatus is apparently tuned to the highest possible degree consistent 
with the nature of light energy. If man’s eyes were much more sen- 
sitive to light than they are the “shot effect” in photon emission would 
be perceived, and “steady” light would no longer appear steady! A 
similar state of affairs obtains in hearing, as we shall see: if man’s ears 


were any better attuned they would be assailed by noises coming from 
the “dance of the molecules” in the very air in which he lives. 

Cast in terms of luminance, rather than energy units, the absolute 
threshold for vision in the peripheral part of the field is about 0.000001 
ecise value varies with the size of the stimulus 
and the location of the retinal area on which it falls. It also varies 
with the duration of the stimulus, but for the present we are consider- 
ing relatively long exposures rather than short flashes. A light spot 
projected on the macula and filling it would require a luminance ten 
thousand times as great, or about 0.01 millilambert, to reach threshold. 


millilamberts. The pr 


The Differential Threshold. If we begin with an illumination just 
sufficient to stimulate, i.e., with threshold intensity, and determine the 
increment of intensity (AI) necessary to increase the seen brightness 
by the least perceptible amount, we shall have passed through a dis- 
tance on the intensive scale corresponding to a “just noticeable differ- 
ence” (j.n.d.). The experiment is performed by the use of a divided 
light field, the two parts of which are capable of independent manipu- 
lation. Either a field presenting a bisected disc or two concentric 
fields (a so-called disc-annulus arrangement) may be used. Obviously 
any other intensity, except that yielding maximum brightness, may be 
taken as a starting point and AI determined. If the initial intensity 
On one side of the field is designated I and the just noticeably different 
intensity on the other is called I + AL, we should find that the ratio 
AI/I would vary in a systematic way Over the range of visible inten- 
sities. The Weber fraction, AI/I, was originally thought to be a con- 
stant one (“Weber's Law"). It is roughly so for the middle ranges 
9f illuminations but deviates very considerably at the two ends of the 
scale. At the lowest intensities the fraction is nearly !4, while at the 


highest intensities it decreases to as little as 1465. 
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The first extensive determinations of the relation of AI/I to I were 
those made by Koenig and Brodhun in 1888. Since that time there 
have been many remeasurements of AI, and several factors influencing 
the function in one direction or another have been isolated and studied. 

Among the best-controlled of such experiments are those of Smith 
(264) and Steinhardt (267). The latter's curves connecting AI/I and 
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Fic. 7. Visual intensity discrimination of the human eye. The dependence of 
AI/I on intensity of illumination, for seven different sizes of test field, is shown 
on a double logarithmic plot. From Steinhardt, 267. By permission of the Rocke- 
feller Institute for Medical Research and the author. 


I, for several different sizes of test field, are given in Fig. 7. For con- 
venience in scaling both variables have been plotted in logarithmic 
units. Were Webers Law to hold rigidly, all lines connecting the 
points in the figure should be straight; that they are far from such, 
and that, moreover, they show some interesting regular deviations is 
obvious. One irregularity that should especially pique our curiosity 
is that occurring at relatively low intensities in the curves for the 
larger area test fields and giving a jointed appearance to the function. 


Duality of the Receptive Process. A distinction, based upon ana- 
tomical differences and distribution, has already been made between 
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rods and cones. That the two types of end organs actually subserve 
different visual functions as well seems certain. On the basis of studies 
made by him on the vertebrate retina, Max Shultze in 1866 came to 
the important conclusion that the eye is not one sense organ, but two. 
The notion remained neglected for some years but was found useful 
by Parinaud (1881) to account for certain pathological phenomena 
of vision, notably night blindness. He restated at that time the “theory 
of the double retina.” The idea gained wide currency only when von 
Kries, in 1895, brought together a variety of evidences pointing to 
duality of the receptive process. Since his time we have spoken of 
the “duplicity” or “duplexity” theory of vision. Rods function differ- 
entially at low intensities only and initiate colorless sensations; cones 
operate at higher intensities and are responsible for sensations of color. 

It is interesting that the evidence first advanced for a duplex visual 
sense, the anatomical, should now be the least convincing proof we 
have. Indeed, further histological examination of the retina reveals a 
diversity of structure not originally suspected. Because there are to 
be found in the retina sense cells that are “rod-like” but not true rods 
and others that are merely “cone-like,” some scientists have gone so 
far as to deny the validity of the duplicity theory (288). However, 
the distinction between rods and cones is commonly supported by 
histologists, and there are well-known characteristic differences be- 
tween the two. 

But, even if anatomy did not clearly demand a duplex retina, there 
can be no doubt that other considerations definitely do. Perhaps the 
idence is that, at different levels of illumination, 
istinct sets of absorption characteristics. 
These are revealed in spectral visibility curves of which there are two 
Separate ones for the normal human eye. The curve obtained for a 
high-intensity spectrum is known as the photopic or “daylight” curve, 
that for a very dim spectrum as the scotopic or “twilight” curve. A 
high-intensity spectrum appears to the eye colored; if the intensity is 
lowered beyond a certain point the spectrum is still seen, but as color- 
] at dusk presents the same appearance. As 


less, A landscape viewed 1 ; p 
twilight pervades the scene colored objects first lose their brilliance, 


then become hueless. As a folk saying has it, “At night all cats are 
Bray," 

Photopic visibility curves are obtained by measuring the relative 
energy in different spectral regions needed to produce a match with 
à standard high brightness. The classic measurements are those made 
at the National Bureau of Standards by Gibson and Tyndall (118) 
On some 50 observers. Maximum visibility is realized at A555 my in 


most convincing ev 
the retina possesses two d 
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the greenish yellow part of the spectrum. Scotopic visibility curves 
are obtained by a method similar to that used for photopic curves ex- 
cept that the brightness to be matched is very close to the absolute 
threshold. The best measures here are those of Hecht and Williams 


Cone 
vision 


Logarithm of relative radiant flux required for threshold vision 


Rod 
vision 
J 


0 
400 500 600 700 800 
Wavelength in mu 


Fic. 8. Photopic (cone) and scotopic (rod) visibility curves compared. The 

relative amounts of energy needed to reach absolute threshold as a function of 

wavelength. The cone curve is derived from the data of Gibson and Tyndall 

(118); the rod curve, from those of Hecht and Williams (160). From Chapanis, 
56. Courtesy of the National Research Council and the author. 


(160). As compared with the photopic one, the low-intensity curve 
shows a shift toward the short wavelength (violet) end of the spec- 
trum. The scotopic maximum is at A510 my in what appears photopic- 
ally as the green region. The measurements entering into both pho- 
topic and scotopic curves are very accurate, and there is no possibility 
of confusing the two. Curves combining the two sets of data are 
shown in Fig. 8. 

Thus far it has only been demonstrated that there are two sets of 
visibility functions. But, fortunately, identification of one set with the 
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operation of the rods can be made. As we have seen, rhodopsin can 
be extracted and its absorption determined. Many such measurements 
have been made, and the best of them demonstrate unequivocally that 
the scotopic curve is that belonging to the rods. Thus far “visual 
violet,” the substance of the cones, has not yielded to similar treat- 
ment, but it may be confidently predicted that the photopic curve will 
describe its absorption. There are complications here, for it is quite 
probable that the photopic curve is the sum of at least three slightly 
different curves. When we come to the question of color theory we 
shall see the wisdom of thinking in terms of more than one cone 
substance. 

There are several other facts that fit into the picture of photopic 
and scotopic vision. Since twilight vision involves only the rods, it 
should be true that the central part of the retina is incapable of being 
stimulated by very dim light. Such proves to be the case; a central 
scotoma or blind macula is present in dim illumination of the retina. 
A simple way to test for its presence is to attempt to search out a very 
dim star at night. If one looks at it directly, i.e., with its image falling 
On the fovea, it will disappear from view. The French physicist, 
Arago, gave this advice: "Pour apercevoir un objet trés peu lumineux, 
il faut ne pas le regarder." 

Another phenomenon, known for over a century, demands the rod- 
cone distinction. If two quite different colors are matched for bright- 
ness at high intensity, then are compared under low illumination, it 
will be found that the match no longer holds. The same is true for 
àn intensity change in the reverse direction. Colors at the red end 
of the spectrum drop precipitously to black, as light energy is reduced, 
while those at the violet end lose brilliance more gradually. This effect 
is known as the Purkinje phenomenon. It is, of course, entirely con- 
Sistent with the direction of shift of the visibility curves in passing 
from daylight to twilight vision. Moreover, the Purkinje phenomenon 
cannot be demonstrated within the rod-free macula. In all other parts 
of the eye a “colored” light is seen at the absolute threshold as color- 
less; then as the intensity is gradually raised and the light appears 
brighter, a point is finally reached where color is seen. This happens 
when the cone threshold has been passed. The point of acquisition 
of color differs for various wavelengths and retinal areas; for white 
light the abrupt change to cone vision occurs at a brightness of about 


0.003 candle /ft2, When colored light is used, the intensity range over 
i.e., the distance between the rod and cone 
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ity curves, the photochromatic interval is small in the red part of the 
spectrum and relatively large in the violet. 

Evidences from comparative anatomy and the behavior of lower 
organisms also support the idea of duplexity. In general, it is the case 
that nocturnal animals, such as rats and mice, bats, certain lizards 
(e.g, the gecko), and birds that migrate only at night possess either 
pure rod retinae or have a great preponderance of rods. Those ani- 
mals which have only cones, such as the pigeon, hen, and other "day 
birds," as well as the turtle and the majority of other reptiles, have 
strictly diurnal habits. Forms of vertebrates which, like man, possess 
a double retina show two visibility curves, one for low illuminations, 
another for high. Fish are known to have both rods and cones, and 
in them the Purkinje shift has been demonstrated. 

A final line of proof comes from abnormalities of vision. Hemer- 
alopia or “night blindness” is a condition in which, under dim illumina- 
tions, vision is poor. It may be so incapacitating as to prevent its suf- 
ferer from getting about at night. Apparently there are two different 
forms, one congenital and permanent, the other temporary and due 
to vitamin A deficiency. Measurements of spectral visibility on night- 
blind individuals reveal their eyes to have lost one-half their dual func- 
tion. The remaining one yields the typical high-intensity cone visibility 
curve. “Day blindness” also exists, though it is of rare occurrence. 
The symptom most obviously present is total color blindness, and it 
is in connection with the latter difficulty that such cases are usually 
investigated. The visibility curves of a few totally color-blind indi- 
viduals have been determined, and, even though the measurements 
be made at relatively high brightness, the function is clearly that be- 
longing to the rods. In fact, the agreement with the scotopic visibility 
curve of Hecht and Williams is extremely close (see Fig. 28). 

A backward glance at the origins 
the dual function of the retina makes one wonder why we should now 
speak of the theory of duplicity. It was a “theory” at the turn of the 
century; now we should do well to treat it as established fact. In the 
light of it a number of things become explicable. 
the peculiar “break” in the intensity discrimination d 
Obviously there are two branches of the curve, a loy 
tion mediating the lowest 30 j.n.d’s, 
covering upwards of 500 such steps. For areas involving more than 
the pure cone macula it would be surprising if the transition from one 


to the other did not occur. And there are other phenomena demand- 
ing similar interpretation, as we shall see. 
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Adaptation. It was noted earlier that the pupil serves as an emer- 
gency device, reflexly controlling to a considerable degree the amount 
of light striking the retina. But there is another, slower-acting but 
fully as important, means of bringing the retina into equilibrium with 
the environment. Under stimulation by light the retina progressively 
loses its sensitivity and in the absence of light recovers it. The process 
occurring in the presence of light is known as light adaptation or retinal 
fatigue; the reverse change is called dark adaptation. The range of 
response due to adaptation is very extensive. After a stay in the dark 
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Fic. 9. "The course of dark adapt 
The first section of the curve is for the cones, the second for the rods. The test 


light was restricted to the short waves, below 460 my, and appeared violet to 
the cones, "Threshold values are in micromicrolamberts (nul). From Hecht and 


Shlaer, 158. By permission of the editor, Journal of the Optical Society of America, 
y and Dr. Shlaer. 


Of a half-hours duration the retina may become responsive to light 
of only 1/100,000 the intensity originally necessary to stimulate it. 

Dark adaptation has been known since its first description by Aubert 
in 1865, The earliest measurements were those of Piper, in 1903, who 
Set the pattern for such experiments by determining the absolute 
threshold after various periods in the dark. Piper spoke of the “two 
Dhases" of dark adaptation, an initial rapid stage followed by a slower 
?ne, but incorrectly ascribed the entire process to the rods. Consid- 
ering the eye as a whole, it is true that the most extended sensitivity 
change isdvatovod adaptation. The cones do adapt, however, though 
they do so relatively rapidly and their range of adjustment is not nearly 
as extensive as that of the rods. Excellent modern measurements of 
dark adaptation are available. Figure 9 shows a set of measures ob- 
tained with the “adaptometer.” The first section of the curve is for 
the cones. The test light was restricted by a filter to waves below 
4460 m, and appeared violet. The larger segment results from rod 
Adaptation, and, though the same test light was used in procuring it, 
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no color could be seen. Again we have the fact of the dual retina 
evidenced. 

The form of any curve representing the course of dark adaptation 
is determined by several different variables, and any particular curve 
is the result of a group of specific conditions. The important variables 
are: (1) Size and location of the retinal area tested. A small field 
(1-2 degrees) situated centrally can obviously possess only the cone 
section, while the larger or more peripheral the test field, the more 
will the rods be involved. A large field, the center of which is fixated, 
will naturally show both branches. (2) The wavelength composition 
of the test light. With extreme red light, to which rods are quite in- 
sensitive, only the cone portion appears. As the wavelength is shifted 
towards the violet the rod section becomes increasingly more prominent 
and appears earlier. (3) The duration of the test light. Intensity and 
time operate reciprocally in threshold measurements. Below a “critical 
duration” the Roscoe-Bunsen Law, I X t = K, holds. This relation, 
also known as the “reciprocity law” and the “photographic law” (be- 
cause of its application to the behavior of film emulsions), results in 
very brief exposures giving high threshold values as compared with 
those yielded by longer ones. (4) The intensity of the pre-adapting 
light. If the eye has been previously adapted to a very bright light 
the cone section will be extensive, and the rod portion may not appear 
as a separate branch for a considerable time in the dark. The less 
bright the pre-adapting light, the sooner does the rod branch appear. 
If the pre-adapting light is dim enough the cone section may be sup- 
pressed entirely. In all determinations of dark adaptation curves the 
pre-exposure brightness must, therefore, be specified. (5) The dura- 
tion of the pre-exposure. The longer the pre-exposure, within limits, 
the greater will be the “fatigue” and, therefore, the more prominent 
will be the cone segment. 

One detail of the dark adaptation process merits special attention. 
Some evidence exists for dual rates of dark adaptation, quite apart 
from the typically different properties of the rods and cones in this 
respect. Data obtained by Wald and Clark (290) show that exposure 
of the eye to a brief, intense, pre-adapting light is followed by a rapid 
dark adaptation process, whereas long pre-exposure results in a rela- 
tively slow rate of dark adaptation. This phenomenon suggests that 
thodopsin, which presumably is broken down during light adaptation 
and restored during dark adaptation, may be synthesized in two differ- 
i Photochemical studies tell us that this is indeed the case. 

opsin is rapidly resynthesized from retinene, into which it is 
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changed when light acts on it, but is only slowly formed from vitamin 
A, a reduction product of retinene. 

All the experimental facts point to “light” and “dark” adaptation as 
obverse processes. It is well to think of adaptation this way. At any 
given moment there is either an equilibrium at some point on the 
dark-light adaptation scale or a progression from one point to another 
on it. The eye is either “adapted” to the illumination to which it is 
exposed or is in process of becoming so. 
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Fic. 10. Effect on dark adapt 
Hecht and Mandelbaum, 156. Courtesy © 


Recently there has been evinced much interest in dark adaptation 
data as a result of the discovery that variations in the curves may be 
associated with deficiencies of vitamin A. Subjects put on a diet de- 
ficient in this necessary food element show, more often than not, a 
rise in threshold at all points of both the cone and rod portions of the 
curve, Some of the changes are quite extreme. Figure 10 shows the 


progressive raising of thresholds at all levels of dark adaptation for 
= lavitaminosis A. This subject showed 


ation of 17 people studied by Hecht and Mandel- 


baum (156). That the effect w: i l1 
the fact that the daily diet was supplemented by plentiful quantities 


of all other vitamins. In some starved subjects, a single large dose of 
vitamin A was sufficient to lower thresholds measurably, though com- 
Plete recovery was a matter of weeks and months in all cases. The 
clinical value of this discovery is obvious. Even a single threshold 
measure taken after, say, 20 or 30 minutes of dark adaptation may 
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reveal a diet deficiency, once the "norms" have been adequately es- 
tablished. 

The course of light adaptation can be ascertained by any of several 
techniques. The obverse of the method used in measuring dark adapta- 
tion is one possibility. After varying periods of exposure to light and 
with a return to complete dark adaptation between trials, the absolute 
threshold can be determined and the decline in sensitivity charted. 
This is the technique used originally by Lohmann (163, p. 324) and, 
more recently, by Wald and Clark (290). The drop in sensitivity, as 
revealed by such measures, is most rapid in the first few seconds, then 
progressively slower for many minutes. Depending on light intensity, 
the adaptation process seems to continue on for a period ranging from 
10 to 80 min. This method possesses one inherent defect. To measure 
the absolute threshold it is, of course, necessary to extinguish the 
adapting stimulus. Then, some time is required to make the threshold 
determination; meanwhile, the light-adapted retinal area has under- 
gone some dark adaptation. Since dark adaptation is most rapid at 
the onset of the process, the error of measurement introduced by this 
circumstance may be very considerable. 

Another, and somewhat more direct, approach to the problem can 
be made by "fatiguing" one area of the retina with a known intensity 
of light for a definite period, then quickly effecting a brightness match 
by means of a comparison light falling in an unfatigued area. The 
selection of a suitable array of adaptation times will reveal the course 
of the process for the intensity used. Such measures were made by 
von Kries, with the crude apparatus then available, as carly as 1877. 
More extensive determinations have been made by the author (107), 
and these, in turn, have been repeated by Wallace (291, 292, 293). 
Representative results for macular cone adaptation, taken from Wal- 
laces work, are shown in Fig. 11. As the adapting light continues to 
act, the retinal area under stimulation loses more and more sensitivity 
until, after perhaps a minute's fatigue, an equilibrium point is reached. 
The amount of loss, while very considerable under all conditions of 
stimulation, is found to be a function of the intensity of the adapting 
light; the higher the intensity, the greater the relative loss in brilliance. 
It is noteworthy that the course of light adaptation, as revealed by 
the comparison light technique, seems to have run to completion 
within a relatively short period of time. Whatever the initial light 
intensity, a 3-min interval would appear to be sufficient to accom- 
modate the process. This result contrasts sharply with that obtained 
by the "instantaneous threshold" method, which shows an hour or 
more to be necessary to reach a final equilibrium state (154). Whether 
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this discrep: 
pancy can be attributed solely to difference: i 
c y s 
a question not yet resolved. : a 
T : , 
Pie, ds matters, a third and more recently devised technique 
iis e nu by Baker (16), yields a somewhat different kind r 
ilt. This method utilizes AI as a measure of sensitivity. As light 


ada i P 
aptation proceeds, a small increment of luminance is periodically 
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d m Light adaptation of the cones. The course of the sensitivity loss result- 
SR T steady illumination of the macula has been charted with the aid of the 
Es d ur light technique, the measuring light being thrown into the unfatigued 
3 he three observers are 0} From Wallace, 291. 
Permission 


bviously in close agreement. 
of the Journal Press. 


flashed into the adapting area. The size of the increment is syste- 
matically varied until AI has been determined for a long series of 
adaptation times. It is found that sensitivity improves (AI gets 
smaller!) throughout the first 3 min of light adaptation, then declines 
slowly to a level intermediate between this and that of the original 
dark-adapted state. It is clear that different measures of sensitivity 
give different pictures of the adaptation process. Just as there are 
many dark adaptation curves, each representing a particular com- 
bination of experimental conditions, there are many curves of light 
adaptation, each having clear meaning only insofar as the operations 
performed in establishing it have been defined unambiguously. 
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It would be difficult to conceive of a process of greater fundamental 


importance to sensory psychophysiology than is adaptation. The 
phenomenon is a very general one, occurring in all the sense depart- 
ments. Moreover, it reveals the basic mode of action of the sense 
organ. It is not surprising, therefore, that the interpretation put upon 
adaptation determines, in large measure, the direction any theory of 
vision will take. We cannot, at this point, review the many conflicting 
conceptions, but we shall have to bear in mind that adaptation must 
be accounted for in a satisfactory manner if visual theory is not to 
remain pale and incomplete. 


Hue Discrimination. We h 
of utilizing very small physi 
tions between intensities, 
calling for discrimin 
wavelength, 


ave seen that the eye is capable not only 
cal energies but of making fine distinc- 
Another aspect of the physical stimulus 
atory response on the part of the eye is that of 


At the extremely long wave end of the spectrum the normal eye sees 
red (in photopic vision). Progressing through the spectrum there is 
seen successively orange (about A610 mp), yellow (A580 mp), green 
(A510mp), blue (4470 mp), and violet (4420 my), as well as a large 
number of intermediate hues, Some of these we name, such as yellow- 
green and blue-green; for others, occurring less familiarly, we have no 
adequate common designations. 

It should be said straightway that the correspondence between 
wavelength and visible hue is not an entirely constant one. Hue is 
partially determined by intensity, Except for certain invariable points 


in the spectrum all colors, upon being brightened, shift slightly towards 
either yellow or blue. This phenomenon is known as the Bezold- 
Brücke effect. If the brightness of 


à red of 4660 my is reduced from 
2000 to 100 trolands it becomes necessary to decrease wavelength by 
94 mp to maintain the original hue. A green of 4525 my. calls for an 
increase of 21 my. under the same conditions. These are extreme ex- 
amples, but some such adjustment is needed for most colors. Three 
Spectral points, A579 my. (yellow), A503 mp (green), and M78 mp 
(blue), are “invariable” ones, displaying no apparent alteration at all. 


In addition, there is a specific mixture of long and short waves (purple, 
lying outside the Spectrum) which i 


s likewise uninfluenced by bright- 
ness change (237, 238). Figure 12 Shows a set of constant hue con- 
tours, 

What is the capacit 


y of the e 
length? In raising th 


Hue Discrimination Al 


systematic way the size of AI varied. Now we need to know the 
magnitude of AA. E 

If we throw into both sides of a bisected field red light of 4700 mp, 
then change one side by gradually shifting the wavelength downward, 
we shall arrive at a point where the two hues, the original red and the 
new slightly orange-red, can be distinguished in hue. As with intensive 
changes, we shall have passed through one j.n.d., in this case equivalent 
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Fic. 12. Contours of constant hue. All combinations of intensity (photons = 
trolands) and wavelength lying along a given contour appear to be of the same 
hue. Three spectral points, \572 mz (yellow), A503 ma (green), and M78 ma 
(blue) yield constant hue regardless of intensity. All other points are subject to 
Variations in accordance with the Bezold-Bracke phenomenon. From Purdy, 238. 
Courtesy of the American Journal of Psychology. 


to AA. The first step, according to the determinations of Jones (174), 
will be 22 my in length. If the two sides of the field are again 
equated (at A678 mp) and the next j.n.d. measured, it will this time 
cover a distance of but 13 mp. In the passage through the spectrum 
in this manner, it will be found that 128 j.n.d.’s will be traversed, some 
discriminable differences being but 1 mp and most of them less than 
3 mp in length. The size of Ad in various parts of the spectrum can be 
read from Fig. 18. The function is seen to be a complex one and to 
have several inversions in it. It should be added that, whereas these 
Measures represent excellent technique, other sets of data, equally 
good (194, 266), show relatively large individual differences among 


Observers possessing normal color vision. The form of the function 


is well established, however. 
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Fic. 13. Wavelength discrimination by the human eye. The change in ed 
length which can be just detected (AX) is plotted as a function of wavelength (A). 
The data are from Jones, 174. 


Saturation Discrimination. Besides intensity and wavelength, still 
a third aspect of Spectral light can be discriminated. This is the 
purity or saturation of the color yielded by it. We commonly speak 
of spectral red and blue as saturated colors and orange, yellow, and 
yellow-green as unsaturated. Saturation has been defined as "that 
attribute of all colors possessing a hue which determines their degree 
of difference from a gray of the same brightness." Saturation is thus 
a third variable in color experience; it may be thought of as the rela- 
tive absence of Srayness in colors. The most direct measurements are 
those of Jones and Lowry (175), who stepped off j.n.d.’s of saturation 
along eight different hue lines, all intersecting at a gray of the same 
brightness. The least saturation was found in yellow (A575 my), 
where but 16 j.n.d/s could be found. Red of 4680 my. and violet of 
A440 my each gave 23 steps, and other colors were intermediate. 
Much the same relation between wavelength and the number of 
saturation steps comes from the less direct but more detailed study of 
"colorimetric purity" by Priest and Brickwedde (236) 


Electrical Signs of Visual Activity. Our world of visual objects is 
describable in several 


dimensions, as we have seen. The phenomena 
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thus far considered are, for the most part, concerned with the more 
fundamental of them, such dimensions as brightness, hue, and satura- 
tion. The data on these are available to direct observation, and we 
obtain them directly, or at least only as indirectly as the rules of 


laboratory experimentation require. 
There are other ways of obtaining valuable basic information about 


visual processes, however. Instead of dealing directly with the end 
product of the visual mechanism’s action, the visual perception, we 
may study the various physiological and neural events underlying it. 
By taking successive cross sections, so to speak, of the retinal and 
nervous precursors to central excitation we may hope to gain some 
insights as to how the direct observational data come into being. 
Nerves, during the passage of impulses along their lengths, give 
evidences of the changes occurring within them. The optic fibers 
responsible for reporting the state of affairs in the rods and cones are 
no exception. Nerve impulses consist in progressive local disturbances 
of fibers and display several interesting chemical and physical prop- 
erties. Oxygen is used up and carbon dioxide is given off, detectable 
quantities of heat are emitted, and measurable electric currents are 
It is this last effect that has proved to be of the greatest 


generated. a 
vous functioning. The electrical 


service in providing a picture of nervo : 
change promptly signals the passage of the impulse; its magnitude is a 
true reflection of the extent of the alteration within the fiber; and, 


especially since the development of vacuum tube amplification and 
al recording methods, it may be measured with 


The technique consists in placing one elec- 
trode on the nerve tissue at the point from which the record is desired 
and connecting another, so-called “neutral” electrode to an inactive 
region. A difference of electrical potential between the two is created 
as the impulse passes, and it is this small voltage, the "action potential," 
which is picked up, amplified, and recorded. Placement of the elec- 
trodes is, of course, the primary determiner of what changes will be 
registered. In animal preparations, if they are attached to the front 
and back of the eyeball itself there is obtained a record of the complex 
events in the retina, known as the electroretinogram (ERG). If they 
are spaced along the optic nerve bundle its summed activity is repre- 
sented in the record. If the *active" electrode is inserted into the tissue 
of the occipital cortex of the brain the most elaborate of all visual 
responses are recorded. ' PA 

Typical electroretinograms are shown in the solid lines of Fig, 14, 
Consequent upon light stimulation, the first response is a very small 


the perfection of electric 
considerable precision. 
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negative deflection known as the a-wave. This is followed immedi- 
ately by a large and abruptly ascending b-wave, then by a slower 
c-wave, and finally by a characteristic “off-effect,” the d-wave, before 
the original condition of zero potential is resumed. At low-stimulus 
intensities the a- and d-waves are not discernible. For many years 
the shape of the ERG was thought to be an accident of the way the 
recording was done; it remained for Granit (127) to disprove this 
conjecture and to make an interesting analysis of it. It is his belief 


On Off 
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cd el E e EE PII 

Fic. 14. The electroretinogram (ERG) and its analysis. The four prominent 

features are: A, the first negative deflection, the a-wave; B, the rapidly following 

positive b-wave; C, the slower c-wave; D, the "off-effect," or d-wave. Granit's 

analysis (127) into the three components, PI, PII, and PIII, is shown by the 

dotted lines. From Bartley, 17. By permission of the Psychological Review and 
the American Psychological Association. 


that there are three Separate processes summed in the ERG and that 
certain influences, such as ether anesthesia and asphyxia, affect the 
three components differently. Process I (PI) is eliminated first during 
progressive anesthesia, PII is affected next, and PIII, the negative or 
"inhibitory" component, is most resistant. The dotted lines of Fig. 14 
indicate the form of each of the components; the ERG is the algebraic 
sum of the three processes acting simultaneously. 

The temptation has been strong to identify 
of the total ERG with three kinds of 
various suggestions have been made 
with complete certainty only that the 
in the ERG as recorded, that PII is a 


charge in the optic nerve (since its obliteration by drugs eliminates the 
nerve response), that PI seems to add nothing to the nerve message, 


and that PIIT, accounting as it does for the first downward deflection 
of the a-wave, is presumably connected with the operation of receptor 
cells of the retina themselves. ; 


cach of the components 
activity in the retinal layers, and 
(17), but at present we know 
three responses are intermingled 
necessary forerunner of the dis- 


Visual Electrophysiology 45 


Relatively recent investigations of the ERG, especially those per- 
formed with human subjects and using the ingenious technique devel- 
oped by Riggs (249, 248, 173), in accordance with which the electrical 
connection to the eye is supplied by a silver electrode embedded in a 
contact lens, have quite convincingly demonstrated that the principal 
b-wave results from the operation of the scotopic mechanism. Several 
lines of evidence combine to force this conclusion: (1) During pro- 
longed dark adaptation the b-wave, in response to a periodically re- 
peated standard stimulus, continues to increase in amplitude for an 
hour or more, paralleling the rods’ dark-adaptation performance. 
(2) When the retina is progressively light adapted to higher levels of 
field luminance the magnitude of the b-wave is markedly reduced, 
nated altogether at a moderately high adapt- 
ing intensity. (3) The sensitivity of the eye to colors, as measured by 
the relative intensities needed to produce a standard amplitude of 
b-wave, agrees well with the measures yielded by the conventional 
scotopic luminosity curve derived from brightness matches. (4) Ex- 
treme red light, which is ineffective as a rod stimulus, produces a wave- 
form consistently different from that obtained with light from the 
short-wave end of the spectrum. ; 

There is some evidence that the c-wave is an artifactual component 
of the ERG. If the eye is atropinized the c-wave drops out without 
otherwise influencing the course of the total ERG. The e-wave prob- 
he muscle action potential supplied by the iris or 
he pupillary or accommodatory re- 
ash that also arouses the other com- 
ponents of the electrical response. In any case, there has not been 
much research interest in the c-wave. It arrives on the Scene too late 
in the sequence of events to be represented in the final nerve discharge. 

Whether the a-wave is a true photopic component, as its invariable 


appearance in the red response suggests, or is inevitably coupled with 
a 
the d-wave to form the inhibi 


tory PIII component, as Granit believes, 
remains to be settled. Our present state o 


and the response is elimi 


ably arises from t 
ciliary body in consequence of t 
flexes set in motion by the light fl 


f information about the ERG 
t challenging. A more intimate picture of electrical 
responses at the retinal level, especially one that can be correlated with 
changes further along in the catenary chain of events, would dispel 
some major mysteries of the visual mechanism, 7 

There is ample reason for regarding the retina to be a true nervous 
center. It follows that its electrical response is of a complex sort. 
When recordings are made from beyond the ranna in the optic nerve, 
it is possible to get a little more intimate picture of the events trans- 


Piring there. The optic nerve in some animal preparations may be 


is incomplete bu 
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“shredded,” thus making possible the isolation of a single fiber for test. 
The first such records were obtained as recently as 1932, by Hartline 
and Graham (148). They singled out individual fibers still attached 
to functioning receptor cells, in the eye of the king crab Limulus, and 
recorded the impulses generated by light flashes. As had been found 
a few years earlier for single tactile fibers (7), the response to steady 
stimulation consists of a succession of spaced electrical discharges. 
The responses are uniform with respect to size, in accordance with 
the “all-or-nothing” principle. The only variation is one of frequency 
(see Fig, 15); the greater the intensity of the stimulus light, the higher 
the frequency. A decline in rate of discharge with a continuation of 
the stimulus is to be noted also. This is, of course, the accompani- 
ment of light adaptation and presumably is the correlate of reduced 
brightness following steady exposure. 

The crab’s eye is of relatively simple construction. There is appar- 
ently only one general type of receptor, each unit being attached to a 
single nerve fiber, and there have thus far been found no lateral 
connections to complicate things. The functional picture should be 
correspondingly simple. Actually, however, some fairly complicated 
effects are producible in even so comparatively simple a retina. Thus 
Hartline has been able to demonstrate, e.g. spatial interaction phe- 


nomena of both an inhibitory and disinhibitory variety between neigh- 


boring units of the king crab's eye. M . i 
When a more complex, vertebrate eye 1s investigated the electrical 


effects become more elaborate. Three kinds of responses found in indi- 
vidual fibers of the frog’s optic nerve are displayed in Fig. 16, taken 
from the work of Hartline (147). Some fibers respond very much as 
do those of the crab’s optic nerve, maintaining periodic discharges so 
long as the stimulus light is falling on their attached receptor cells. 
Others respond only briefly at the onset and cessation of the stimulus 
(or whenever the light is abruptly increased or diminished in in- 
tensity). The third variety of fiber does an even stranger thing; it 
bursts into activity for a second or two when the light is cut off. Re- 
illuminating the retina immediately suppresses activity in these fibers. 

Again, as with the ERG, it would be convenient if clear meaning 
could be attached to these findings for the optic nerve, but as yet 
they are extremely. perplexing. Recordings from large numbers of 
samples reveal dated? one-fifth of the fibers are concerned with the 
maintained type of discharge. Apparently the optic nerve is better 
Organized for reporting the disappearance of a EN than. for 
registering its presence! Such are the absurdities one is led to when 


information is sketchy and incomplete. 
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Simultaneous recordings from the eye (ERG) and the optic nerve 
bundle to repeated flashes of white light have been managed by 
Adrian (2) in several different vertebrate preparations (rabbit, cat, 
and guinea pig). Figure 17, taken from his work, shows the great dis- 
crepancy between the form of the optic nerve discharge and that of 
the retinal response. Whereas this picture of the visual mechanism’s 


Fic. 16. Responses of three types of fibers in a vertebrate eye (frog). The pres- 
ence of a light stimulus is signaled by the disappearance of the white line just above 


the time record. Time units are W sec. (A) response of a fiber of the type found 


in the crab's eye (Fig. 15). This shows regular discharge in the presence of light. 
(B) an "on-off" type fiber. Only the onset or cessation of the stimulus produces 
a response. (C) the "off" type fiber, which discharges only when the light goes 
out. From Hartline, 147. What appears to be an "off" response in the A record 
is in reality the normal response of the fiber, a single spike which 
to coincide with the cessation of the stimulus, 
from a nearby fiber of the “off” v. 
line in his original description of 
stood. Courtesy of the editor, 


happened nearly 
combined with several smaller spikes 
ariety. This was clearly explained by Dr. Hart- 
the record but has not always since been under- 


Journal of the Optical Society of America, and the 
author. 


action may represent a considerable simplification of th 


at present in 
the human case—the guine 


a pig has no cones, while the cat and rabbit 
possess relatively few—it is clear that the events transpiring in the optic 
nerve bundle are vastly complex as compared with those recorded from 
the eye itself. Separation of the cone and rod contributions may be 
present in the ERG (if that is what the a-wave and b-wave are about), 
but there is no hint of a simple dichotomy in the nerve message. As 
Adrian himself observes: “It is presumably the function of the eye to 
furnish the brain with a coherent account of visual events, and 
though it may employ two kinds of receptor 
connections for welding their twin message: 


, al- 
; it has abundant synaptic 


s into one” (2, p. 35). 
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If the electrical events in the retina seem intricate they are sim- 
plicity itself compared to those obtained when leads are taken off 
the cortex of the brain. The higher cortical centers, in their very 
construction, provide maximal opportunity for free interplay of exci- 
tations. It is therefore not surprising that electrodes placed in this 
region, particularly if their area is large, pick up many interacting 
impulses and reveal, in the final record, only summed activity difficult 
of detailed analysis. 


Eye 


LJ 
i ii 0.1 sec 


Fic. 17. Comparison of electrical responses of the retina and optic nerve of the 
rabbit. The top record is the ERG, while the middle one is the optic nerve re- 
Sponse, recorded simultaneously with the ERG. The discrepancy between the two 


is obvious. The time marker (bottom) reveals that flashes of light were being 


repeated at half-second intervals. From Adrian, 2. By permission of the Cam- 


bridge University Press, the Journal of Physiology, and the author. 


Records of brain action potentials ( electroencephalograms, EEG) 
may be obtained in humans without the necessity of contacting the 
cortical tissue directly. Electrodes collodioned or otherwise attached 
to the scalp will detect the presence of rather large disturbances, so- 
called alpha-waves or the “Berger rhythm, having an average fre- 
quency of 10 per second. Smaller ones, occurring at rates as high as 
30 or more per second (beta-waves), and very slow but large undula- 
tions (delta-waves), as low as 4 per second in frequency, are also 
Present in the complex. Whatever the exact mode of origin of these 
rhythms (and this question is as yet unsettled) it is clear that they are 
in large part spontaneous on the part of the brain. They have been 
Shown to occur in many isolated cell masses. The interesting thing 
about them, for our immediate concer, is their sudden diminution or 
€ven complete abolition with the onset of visual stimulation. Many 
Other sensory stimuli have the same result, but excitation of the visual 
Centers seems to be most effective in producing the depression. An 
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explanation offered by Adrian and Matthews (5) seems to fit the facts 
well. It is their belief that the presence, in the resting state, of regu- 
lar large waves implies synchronized discharge from many cortical 
cells. The visual stimulus initiates a series of specific responses and 
thus breaks up the synchronous activity. But there have been other 
and conflicting views, and we seem as yet to be but at the threshold 
of information of this sort. 

A few studies have dealt a little more intimately with brain action 
potentials than it is possible to do by the method just discussed. Small 
and carefully placed electrodes pick up potentials complex in form 
and suggestive of multiple origin, like the ERG. Different rates of 
conduction in fibers of different size make for apparent confusion, and 
the masking effect of ever-present spontaneous discharges confound 
the picture. It is too early to attempt broad generalizations concern- 
ing cortical potentials, but it has been amply demonstrated that the 
methods which have yielded so many valuable facts concerning nerv- 
ous changes in peripheral parts of the body are equally applicable to 
the study of central nervous functions. 


4 


Color Vision 


and Color Blindness 


Visual Quality. We saw in Chap. 8 the manner in which three dif- 
ferent dimensions of the physical stimuli for vision can be separately 
discriminated. It would be very convenient if there could be found 
à strictly analogous set of dimensions of visual experience correspond- 
ing to the stimulus properties of intensity, wavelength, and colorimetric 
purity, But to claim such correspondence would be to oversimplify 
things considerably. It is better to drop our psychophysical attack on 
the problems of vision for the time and assume a phenomenal view- 
point. What sort of order comes into the picture if we forget what we 
know about the physical dimensions of light and attempt a direct 
description of visual experience? i 

If the largest possible range of visible objects were to be examined 
we should see that certain uniformities of light and shade, color tone, 
and resemblance to gray run through them. There would be textural 
Variations and differences of shape also, but we have raised no question 
of the geometry of physical objects, and we shall do well here to side- 
step the somewhat vexing problem of form perception. One way of 
representing the variations in visual sensation is to make use of the 
Color spindle (Fig. 18). Visual qualities occupy its entire surface, 
While a multitude of intensitive series pee out in all Sepe 
from the mi i eutral gray. The centra rim represents all the 
dierent UM Miei and, in addition, a series of hues 
compounded of red and violet—the purples. White and black are also 
obviously distinct qualities and are represented at the tips of the 
Spindle. From each noticeably different hue there runs a series of 
Qualities terminating in white; similarly, a series exists between black 
and each point on the hue circle. Integrating the entire surface we 
have a qualitative “shell,” all possible colors having positions on its 


Surface, 
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It is clear also that various series exist within the spindle, but the 
points on these lines seem to be intensitively rather than qualitatively 
different. There is such a series between neutral gray and white and 
another between gray and black. It is well 
to note that this makes black a positive sen- 
sation which can vary in degree. There has 
been a good deal of controversy on this 
point, since the naive view would make black 
the simple accompaniment of lack of stimu- 
lation. But the experience in looking at 
physical “blackness” is not black, nor is 
black the lack of sensation! Perhaps due to 
autonomous processes working in the brain 
one gets, in the dark room, not black but 
gray or purplish gray. This is sometimes 
called *brain gray" or the self-light of the 
retina. It appears that gray may be a con- 

stant background process and that all stimu- 

B ^ lation must "break through" it, or perhaps 

"modulate" it, for visual quality to be ex- 

perienced. 

B Other intensive series radiating from neu- 
tral gray to the surface of the spindle must, 
of course, terminate at colors. These are 
lines of increasing saturation, and it is per- 
haps clearer now why saturation is defined 
in terms of lack of grayness. The outside 
boundaries of the spindle are not determined 
by the saturations experienced in viewing 
the spectrum; under special conditions of 
observation colors may appear even better 
saturated than do spectral ones. 

There are other ways of representing color 
BK sensations and other interpretations to be 

Fic. 18. The color spindle Put on the spindle. Some have stressed the 

in its simplest form, unique character of certain salient hues and 
have made of the hue circle a square. The 

Aaus. Dee uble pyramid, bases joined, with psychologi- 
cally "unique" red, yellow, green, and blue at the corners (80, 81). 
The point is well taken; t 


y 3 here does seem to be something special about 
these particular hues. Orange resembles red and yellow, but yellow 
does not resemble red and green. The question is an old one and 


w 


figure thus becomes a do 
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long debated (45, pp. 145 ff.), but too often the location of special 
‘primary” hues at the corners of the pyramid have provided the im- 
petus for commitment to some special theory of color vision which, 
in our present state of knowledge, may not be entirely healthy. 

If attention is paid to the actual number of observable stages of hue, 
saturation, and brightness, that is, to the number of just perceptible 
differences of all kinds within the world of color, one does not come 


d. The model on the right differs from that 
" leer a i ion i a a 4. The two 
on the left in having its vertical dimension increased by a factor of 

models fae tee me horizontal dimensions. From Nickerson and Newhall, 223. 
Photograph by courtesy of Dr. Nickerson and the U. S. Department of Agriculture. 
cal arrangement like the spindle or double 
e irregular figure illustrated in Fig. 19 (223). 
t into the construction of this model 


there may be made a simple computation of the total number of dis- 
tinguishable colors. The number is a surprisingly large one—7,500,000! 


Both the spindle and pyramid are conceived by many to be “quali- 
]l points within the figure, as well as 


tative solids" in the sense that a i 
On the surface, are qualitatively distinct from each other. It has re- 
mained for Boring (43. Chap. 2) to show that the figure is, in fact, a 


Solid, but qualitative only on its outer surface; within, it is representa- 
tive of a host of intensitive differences. This view appears to be more 
in line with present trends of theory in that it unites qualitative and 
quantitative concepts. But whatever the form of color solid adopted 


Fic. 19. A psychological color soli 


Out with a neat geometri 
Dyramid. There results th 
From the measurements that wen 
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and whatever the details of its interpretation, it represents a useful 

H H E " 
conception. Observed color is clearly describable in the three dimen 
sions of the figure: brightness, hue, and saturation. 


Color Nomenclature and Specification. The names given colors F 
notoriously arbitrary. Color vocabularies we acquire in the course : 
a multitude of varied experiences with colored objects are pretty much 
fortuitous affairs. It is not alone the layman who uses color names 
inaccurately. A study of the color designations used by chemists and 
druggists revealed the greatest variety of names for description of a 
single fluid. But we cannot give up our color names; they are too use- 
ful. It is better to attempt standardization of them and thus bring 
order out of relative chaos. A method of color designation which has 
been carefully worked out with a view to practical usefulness as well 
as to theoretical correctness is the system devised by the Inter-Society 
Color Council, an organization serving as a clearinghouse for color 
problems of all sorts. The ISCC system is built on nine basic hue 
names (red, orange, yellow, green, blue, purple, brown, pink, and 
olive) coupled with eleven modifiers, such as light, vivid, weak, very, 
deep, ete, By joining one or more modifiers with hue names, 312 sep- 
arate designations of color are possible. The system has the advantage 
that common color names are used, but used in such an unambiguous 
manner that reference to some external standard becomes unnecessary. 
This set of color names now has the official sanction of several influen- 
tial organizations concerned with color and vision, and there is every 
expectation that it will come into more common use. 

Another way to specify colors is to utilize the principle, long known, 
that any color may be matched by three suitably chosen spectral colors. 
Such a “tristimulus specification” represents the most exact procedure 
we now possess. An analysis of any color into three components can 
be made quickly and accurately with the recently developed Hardy 
recording spectrophotometer, We shall return later to some of the 
details of tristimulus color specification, after we have learned some- 
thing of the color mixing process upon which the method is based. 

Still a third method of making color specifications is to set up 
acceptable material standards. Various sets of solutions, pigmented 
or dyed surfaces, and filters have been used in conjunction with a 
known illuminant. The advantage in such a system is its great con- 
venience. The best known of these systems are the Lovibond tinted 
glasses, the Maerz and Paul “color dictionary” containing 7000 color 
samples keyed to 4000 color names, and the Munsell system. The last 
is of special interest in that it has been so constructed as to conform 
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as nearly as possible with the basic idea of the “color spindle.” A 
revision of the Munsell system in 1943 (221) greatly improved its 
general utility. 


Color Mixture. If the light reflected from the surface of a colored 
paper were to be analyzed with a spectrometer there would be found 
present a great variety of waves, probably extending over the entire 
spectrum, though having a strong maximum in some one region. Yet 
the surface appears, upon direct viewing, to have only a single “color.” 
A unitary effect is thus being produced from a complex stimulus. 


Most of the colors we see are produced in this way; only under very 
special circumstances are “pure” colors encountered. Obviously, color 
mixture plays a very important role in everyday seeing. 

Color mixtures are produced by two distinct processes, color sub- 
traction and color addition. The subtraction process is the less com- 
mon, though it accounts for the results found in mixing paints and 
other pigments. We all know, from blending water colors, that green 
can be produced by a suitable mixture of yellow and blue, and, be- 
cause it is a derived color, green is not regarded as an artistic "primary." 
It is surprising to learn, therefore, that green (but not yellow) is 
regarded as a primary in visual science. The confusion disappears 
When it is disclosed that the production of green by mixing yellow and 
blue is an accident of the subtractive process. The yellow pigment 
absorbs all but yellow and green light, reflecting these. Similarly, the 
blue pigment reflects blue and green, absorbing all other waves. From 
the incident white light, itself a mixture of all visible waves, a double 
subtraction has been made. The remainder is green, the only color 
reflected in common by the two originals. Precisely the same results 
Would be obtained in passing white light successively through color 
filters having transmission characteristics like the reflectance values of 
these pigments. Color filters, then, also operate on the subtractive 
principle. u 

By far the majority of color mixtures are, however, additive. Espe- 
cially is this true of color mixing in the laboratory. Combine, by super- 
Posing them on a single screen, two spectral samples such as red and 
€reen, and an intermediate hue, yellow, will be seen. Blend green 
and blue in the same way, and an intermediate green-blue is the result. 
The experiment may be done systematically for all possible color com- 
binations, If so, it will be found that there is nothing fortuitous about 
Color mixtures but, on the contrary; that they are entirely regular and 


awful in operation. 
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If we select from the long-wave end of the spectrum a red and oe 
bine with it green in different proportions, the resulting mixtures bs 
vary continuously through orange, yellow, and yellow-green. A par- 
ticular red (lithium) of A671 mp, when mixed with green (thallium ) 
of 4536 my, yields a yellow indistinguishable from A589 my. This is 
the so-called Rayleigh equation, often used for testing color vision. If 
the color to be mixed with the initial red is selected further down in 
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Fic. 20, Complementary color pairs. The data of seven different investigators 
have been combined in a single plot. The curve, one branch of an equilateral 
hyperbola, is the locus of a large number of pairs of complementary wavelengths. 
From Priest (235) after Helmholtz, 163. Courtesy of the editor, Journal of the 
Optical Society of America. 


the wavelength series still other intermedi 
the more remote in the spectrum the two 
rated, i.e., the whiter or grayer, 
component is taken as far down 
all; if intensities are properly ch 
The two components in this case 
This pairing of red (A671 mp) 
instance among a gre 
data gathered from 


ates are possible, though 
components, the less satu- 
the mixture will be. If the second 
as M93 mp there will be no hue at 


econd component to be combined with 
d 4493 my to the shorter waves, he finds 
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another series of hues. This is the group of colors made up of non- 
spectral purple and the purplish reds. It has been determined that this 
series of hues contains 28 j.n.d.’s, which, added to the 128 found in 
the spectrum, brings to 156 the total number of discriminable hue steps 
(263). Thus one may complete the “hue circle,” already familiar from 
the color spindle. The details of this circle are shown in Fig. 21. 


420 mu Pure red 700 mu 


Purple oe 
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Pure green 


500 mu 


497 mu. 

m A420 myu to A700 mu are ar- 
Complementary colors lie at op- 
"pure" yellow, green, 
*pure" red, which lies in the 
By permission of the Oxford 


Fic. 91, The hue circle. Spectral stimuli fro: 
Tanged in sequence about the circumference. 

Posite ends of diagonals. The positions of psychologically 
and blue in the series are noted, as is also that of 


gap beyond spectral red. From Southall, 265. 
University Press and the author. 


at opposite ends of each diameter. It 
" red lies in the gap between 
] reds are judged to be some- 


Here complementary pairs lie 
will be noted that psychologically “pure 
the two ends of the spectrum; all spectra 
What yellowish. 


If one were devising a system for reproducing all possible hues as well 


as white, three basic components would be necessary. It has long been 
known that all colors can be obtained through the suitable mixture of 
“primaries” selected from the long-wave, medium-wave, and short- 
Wave parts of the spectrum. The primaries in question are red, green, 
and violet, A general color equation can be written: C = xR + yG 
+ 2V, where x, y, and z are coefficients varying in size for different 
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colors, C. For two-component mixtures, one of the coefficients be- 
comes 0. For white or gray, x, y, and z are equal. Oe 

The sizes of the coefficients necessary to reproduce all the co <p o 
the spectrum are shown in Fig. 22. Here the primaries have been 
selected as follows: red, 4650 my; green, A530 my; violet, A460 mp. 
So long as only the hue relations among different color ewer ore S 
being considered there are several sets of primary wavelengths tha 
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Fic. 22. Reproduction of spectral colors by three primaries. The curves repr es 
sent the average readings for 10 observers and show the sizes of coefficients neces- 
sary to reproduce a 


l spectral points when the primaries selected are: A650 mp, 
; M60 my, violet. After Wright, 326. By permission of the 
Howe Laboratory of Ophthalmology, Harv 


red; A530 my, green 


ard University. 


will answer quite well (265, pp. 318-337). When other aspects of 
color (e.g., saturation ) 


are also taken into account, however, the 
number of possibilities | 


becomes definitely limited (152). 
Color mixtures, as additions of excit 


though there were but a single mean 
combining of spectral samples. Ther 
exact results, this method is the best. 
has been reached in the Helmholtz 
this (265, p. 314). But there 
qualitative relations between 
of Lambert's method. 

placed at right angles 
the angle between the 


ations, have been discussed as 
s of producing them, viz., the 
e is little doubt that, for the most 

A high point of instrumentation 
color mixer, which does exactly 
are more convenient ways of seeing the 
colors in mixtures. One is to make use 
Two sources, such as colored paper squares, are 
to each other. A piece of clear glass, bisecting 
papers, now transmits one color to the eye and, 
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through partial reflection, “mixes” the second with the first. Changing 
the direction and amount of light incident to the papers makes pos- 
sible a wide range of mixtures. 

The most commonly used device for color mixing is the sectored 
dise or color wheel. Two or more interjoined colored papers, the rela- 
tive proportions of which can be varied, are rapidly rotated at speeds 
sufficient to eliminate flicker. A single mixed color results. The effect 
depends upon the property of the retina whereby an impression, once 
being set up, requires an appreciable time of *decay" to be eliminated. 
Two rapidly successive impressions thus "fuse" to yield a unitary one. 
It is interesting that this mode of color combination, used more un- 
critically than any other, involves the most elaborate retinal and 
cortical events and, for its strict interpretation, would require the 
most complicated account. 

A third procedure in color mixing is to take advantage of the fact 
that we have two retinae, independent in their action, and to present 
two different colors to the two eyes. Binocular mixtures thus arrived 
at are notoriously unstable, and yet some facts important for theory 
can be gained through this method. Two colors very similar in wave- 
length composition and luminance can be made to combine quite 
readily; they yield a single fused impression intermediate to the orig- 
inals in hue. However, two colors from quite separate regions on the 
hue circle will show only transient mixtures. Steadily viewed, they 
struggle in rivalry, first one and then the other having the upper hand 
in the conflict. Hecht has questioned a large number of observers on 
the “mixture” obtained by viewing a bright source through Wratten 
filter 29 (red), in front of one eye, and filter 58 (green) before the 
Other. Yellow was quite uniformly reported, and from this experiment 
it becomes possible to dispense with yellow as a primary. It appears 
to be a “brain” mixture, since only in the brain could the two excita- 
tions come together. Hechts account (150) leaves out a description 
of the more obvious action occurring under these conditions, the in- 
tense rivalry between red and green, but the point is well taken that 
if yellow is even momentarily and unstably formed in this way it 
can be regarded as a derived rather than a primary color. Much the 
same kind of result comes from the binocular mixture of blue and 
yellow; “brain” white is transiently produced in the struggle. 

Now, with the chief facts of color mixture before us, we may return 
to the question of the specification of colors. It has been seen that 
the additive combination of three lights—any three, so long as noone 
9f them can be formed by a mixture of the other two—is sufficient to 
Produce a match with any color whatever. This being the case, given 
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(1) the specifications of the spectrum in terms of three suitably selected 
primaries, and (2) a spectral analysis of an unknown light, it should 
be a relatively simple matter to arrive at a “tristimulus specification’ 
of that unknown. 
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Fic. 98. The "standard observer," 


according to the agreements of the Inter- 
national Commission on Illumination 


in 1931. The values of x, 7, and % have 
been so selected as to match, for the average observer, a unit amount of radiant 


energy at each wavelength. 'The y curve is of special interest, since its values 

have been chosen to duplicate the photopic luminosity curve for the normal eye. 

From Hardy, 143. By permission of the Technology Press, Massachusetts Insti- 
tute of Technology. 


The exact specification of the vari 
terms of three primaries is no longer an arbitrary matter. An impor- 
tant step was taken by the International Commission on Illumination 
in 1931 in settling on the color mixture data already carefully compiled 
by Wright and Guild, working independently in England, to form the 
basis of a standard tristimulus spectral analysis (143). The data, as 


ous parts of the spectrum in 


— RR 
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adopted, are based on the color matches of a sufficient number of 
subjects whose settings were in excellent agreement. These data 
have been given the designation “the I.C.I. standard observer”; they 
are displayed in Fig. 93. The values of &, ij, and Z indicate the amount 
of each of the I.C.I. primaries needed to match a unit amount of radi- 
ant energy at each spectral wavelength. The curve labeled x repre- 
sents a reddish purple primary, y is a green resembling a spectral green 
of A520 my: but more saturated, and Z is a blue of somewhat greater 
colorimetric purity than a spectral blue of M477 mp. At each wave- 
length the amounts of the three primaries needed, in additive combi- 
nation, to match the spectral band at that wavelength may be found 
by simply adding the ordinates of all three curves at that spectral 
Position. Thus, at A578 mp, there are required approximately equal 
amounts of reddish purple (X) and green (y) to match the yellow 
seen by the normal observer. In the region of MT5 mp, a large com- 
ponent of blue (Z) joins with small, roughly equal amounts of X and j 
to match the particular blue seen there. Other combinations suggest 
themselves. "m . . 

The green primary curve (y) is of special interest in that, in select- 
ing the characteristics of the primaries, 7 has been made equivalent 
to the photopic luminosity curve for the normal eye. This has been 
done with a view to permitting one of the primaries to specify com- 
Pletely the luminous aspect (brightness) of the color quite apart ae 
its chromatic aspects (hue and saturation). Luminosity of a color is 
thus known if Y (a particular value of jy) is known. . 

The chromatic features may also be specified exactly, but a lit- 
lle less directly. This is done by reference to the so-called aie 
ticity diagram," a useful construction. which tells us a great deal 
about a color and its relations with all other colors. A typical 
chromaticity diagram is shown in Fig. 24. ThE; Ben, E and y, are 
Called “chromaticity coordinates,” and the following re sai define 
them; x = X/(X +Y +Z); y= Y/(X + Y+ Zi). — x in 
= must necessarily equal unity, it is sufficient to spect y e i in 
terms of two of these coordinates, usually * and y. adr us curved 
line of Fig. 24 is the locus of the colors of the spectrum between its 
“practical” limits, A400 mp to 4700 mp. All colors pane me n 
stimuli are represented by points within me area | = - y this 
line and the lower straight line connecting extreme iiem i a oe 
Ted (the purple series). The point C, pear the exp o :; = Lg 
Shows the location of “daylight,” the light supplied by T.C.I. Mlumi- 


Nant Ge. 
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The points G and P are non-spectral color samples such as might be 
encountered in paints. Sample G may not only be specified in terms 


0.9 [— | 
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Fic. 24. A chromaticity diagram. The sample, G, lies on the line between the 
illuminant, C (“daylight”), and A550 mu. This identifies its color as yellowish 
green and as highly unsaturated (since it lies about 17% of the distance from C 
to the spectral curve). Sample P may be specified, as to dominant wavelength, 
as the complement of A550 my, hence “550c.” Its purity may be judged to be 
about 20%, since its position is about 1 of the distance between Illuminant C 
and the line connecting M00 my and A700 mu (the purple series), From Hardy, 
143. By permission of the Technology Press, Massachusetts Institute of Tech- 
nology. 


of its coordinates, x and y (and, by subtraction of the 
1.00, z as well), but its position on the diagram permits two other 
things to be said about it. Its "dominant wavelength" and its "purity? 
may also be specified. A line drawn from the illuminant, through the 
sample, to the spectral locus (the vertical line of the diagram) inter- 


sum of these from 
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sects the boundary of the color area at A590 mp. This is the sample’s 
dominant wavelength. Since A950 my lies in the yellowish green part 
of the spectrum, this reveals that the sample will appear yellowish 
green in daylight. Moreover, a numerical specification for the purity 
arrived at by determining, on the chromaticity 
diagram, the relative distances of the sample and the corresponding 
spectral point from the point at which the illuminant is situated. Our 


sample G lies about 17% of the distance from C (“white”) to spectral 
green, and it therefore has a purity of 175. Similarly, sample P is a 
in terms of x, y, and 


purple whose specifications can be given exactly 
z. However, purples lie outside the spectrum, and an artifice has to be 


resorted to in defining dominant wavelength and purity of all purples. 
The convention is to specify the wavelength of the exact complement 
of the purple sample, in this case A950 my, and to write it 550c. 
Perfectly saturated purples are regarded as occupying the straight line 
connecting the ends of the spectrum. This particular purple sample is 
situated about one-fifth of the way from the illuminant to the purple 


line; its purity turns out to be 21%. 


of the sample can be 


After-Images. When light is allowed to fall but briefly on the retina, 
the excitation does not cease abruptly with the termination of the 
stimulus. Indeed, we have seen that this phenomenon may be put to 
work and that it is basic to one of the common color mixing methods 
(not to mention that it is basic to the entire motion picture industry! ). 
The sensation invariably lags behind the stimulus, sometimes not even 
noticeably, but under some special conditions it may persist for a 
matter of minutes. » : 

After-images are usually classed as positive and negative, the terms 
being used very much as they are in photography. A positive after- 
image has the same qualitative characteristics as the sensation of which 


it is an outgrowth. A negative after-image, developing as a final stage 
ntagonistic or complementary quality. The 


observation of one are not the best for the 
other, though presumably ev al act has potentialities for after- 
image production. Positive images are best observed after brief in- 
tense stimulation of the dark-adapted eye. Thus, switching on and 
off a colored light after a prolonged stay in the dark will yield a 
brief image of the same hue as the light. A quick glance at the setting 
sun will often result in a good positive image, so intense is the stimu- 
lation, One of the best ways to observe positive after-images is to 
expose the eye repeatedly to a well-lighted landscape through a fast- 


of the same process, is of ar 


conditions favorable to the 
ery visu 


64 Color Vision and Color Blindness 


acting camera shutter. Here the details of differently colored and 
variously shaded parts of the view are seen to fade at different rates. 

Negative images are not as fleeting as positive ones and thus are 
easy to obtain under a wide variety of conditions. However, for their 
favorable observation a sufficient period of initial stimulation must be 
given; ie. light adaptation to the stimulus is a prerequisite to the 
appearance of the negative after-image. In an experiment designed to 
produce a negative image it is well to think of two sets of stimuli, the 
primary one fatiguing or “tuning” the retina, and a secondary one 
giving the conditions essential to its appearance. Ordinarily, one looks 
first at a colored light or surface, then after a half-minute or so sub- 
stitutes a gray or white background on which the complementary 


image will develop. The secondary stimulus is obviously important. 
If it is identical with the prim 


ary one there is only a continuation of 
light adaptation, and no after-image can appear. If it is comple- 
mentary in hue to the primary stimulus high saturations of the com- 
plement are experienced. The most vivid colors possible are obtained 
by projecting the after-image of one spectral color on its complement. 
Thus an eye previously adapted to purple light will see “supersatu- 
rated" spectral green on looking at the middle of the spectrum. It was 
this situation to which reference was made when, in considering the 
dimensions of the color spindle, it was said that the spectrum does not 
define saturation limits, Spectral colors, therefore, really lie inside the 
hue rim of the spindle, 

The phenomena observed against darkness after a brief intense flash 
of white light are elaborate and not easy to explain as yet. The after- 
image of such a stimulus is made up of a sequence of many colors, 
dark intervals being interspersed in the series. This is known as the 
"flight of colors" and may consist of successive images of purple, blue, 
yellow, green, red, and bluish green. This series is merely a com- 
monly reported one, and there is no guara 
duced by all observers under 
the number of phases observe 


ically both flight duration and 
d vary geometrically. Bright 
ces somewhat similar to those 
at all clear why this should be so. 


Show up in the "fight" Why this 
ts is likewise not clear. 
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A certain “objectivity” inheres in after-images. Since the effect is 
due to adaptation of a local area of the retina, the image moves with 
change in direction of regard. Also, its apparent size varies with fixa- 
tion distance. Look at a small colored square at reading distance suf- 
ficiently long to develop a negative image, then change fixation to a 
distant wall. The colored square now assumes huge proportions. 
Shift back to a short focus, and the square becomes tiny. In the fad- 
ing process an image tends to have its form changed, also. The corners 


Le 


Fic. 25. Benham's top. Though providing only black and white stimuli in vari- 

©us temporal sequences colors, notably reddish yellow” and blue, are seen upon 

rotating the disc at the proper speed. From Southall, 265. By permission of the 
Oxford University Press and the author. 


nd a complex outline is smoothed in 
This is a general tendency in unstable 
It psychologists have correctly 


of a square become rounded, a 
the direction of simpler shape. 
forms throughout nature, as the Gesta 


noted. ; : : 
Some especially curious effects may be obtained if spatial variations 


of the stimulus are allowed to complicate the arousal of after-images. 
In viewing “Benham’s top" (Fig. 25) the innermost rings take on a 
yellowish or reddish appearance, while the outer ones are seen as 
bluish, and yet there is given only alternate black and white stimula- 
> gd 

tion. A reversal in direction of spinning moves red to the outer and 
blue to the inner rings. The speed of rotation is critical; above and 
below an optimal range of speeds the effect disappears. Another 

i ndulating process to underlie the after- 
Phenomenon, revealing an undulat ne pa ie rae after 
image, is that known as Charpentier's bands. n illuminated radial 
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slit, rotated against darkness at the rate of 2 revolutions per wir. 
has the appearance illustrated in Fig. 26. The Judei eges im 
after-image, which here trails after the excitation proper li M. ei 

of a comet, is clearly revealed by the presence of the dark ban s. " 
size and prominence of the bands change with variations in he 
intensity, and slit width. McDougall has gathered similar evidence, 


from a study of stationary images, of an undulating decay of the sen- 
sation (206). 


Fic. 26. Charpentier’s bands. An illuminated 
tion at a rate of 2 rpm and viewed against d. 
somewhat like this. The d 
after-image attest the undula 


slit, moving in a clockwise direc- 
arkness, has a reported appearance 
ark bands and progressive dimming of the trailing 


ting character of visual excitation. After McDougall, 
206. 
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Not only are images falling on the ex- 
treme peripheral retina vague 


in outline and lacking in detail, but they 
are likely to appear colorless as well In fact, the peripheral retina 
may be said to be normally relatively color blind. 

A small colored test object, brought into the visual field from its 
peripheral limits and moved steadily toward the point of fixation, will 
At a certain visual angle it will take on hue, 
t necessarily the “correct” one. Finally, approaching the 
center of the field it will be clearly and correctly recognized. Different 
colors behave differently in this regard. Red and green are likely to 
appear yellowish before assuming their proper hue, while blue is rarely 
misidentified. The exact point of correct identification M 
à number of stimulus characteristics: wavelength, intensity, 


at first be seen as gray. 
though no 


aries with 
wavelength 
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composition (saturation), size, exposure time, and contrast between 
test object and background, as well as conditions of retinal adaptation. 
All other variables being held constant, however, there remains a 
characteristic effect of wavelength variation. Blue and yellow have 
more extensive retinal fields than do red and green, and, as between 
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255° 270° 
Fic. 27. Chart of the retinal color fields. The limits of the visual field of the 
right eye for each of the colors blue, yellow, red, and green when the test object 
is a small, homogencous patch of light of moderate intensity. From Dimmick, 79. 


the pairs, the blue field is slightly more extensive than the yellow, and 
the red is considerably larger than the green (Fig. 27). à 

The devices used to determine the extent of the various color “zones” 
are the perimeter and the campimeter. Both employ the same prin- 
ciple, the perimeter consisting essentially of a graduated are along 
which a colored disc is moved, and the campimeter being simply a 
plane surface having meridional lines to serve as guides for the test 
Object. In the case of the perimeter the arc is capable of rotation 


about the fixation point, thus providing several meridians for test. The 
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campimeter possesses only the inconvenience of requiring computation 
of the tangent relations to establish the visual angles at which the 
colors are recognized. e 

The classic study of the color sensitivity of the peripheral retina is 
that of Ferree and Rand (91). They determined chromatic thresholds 
for red (A670 my), yellow (A581 mp), green (A522 my), and blue 
(A468 my). Their results fail to confirm the older belief that the zones 
for red and green are coincident and that blue and yellow fall together 
in an outer zone. In fact, when sufficiently high intensities are used, 
the peripheral limits for red, yellow, and blue are identical with that 
for mixed white light and are hence coincident with the extreme outer 
limits of vision itself. Green sensitivity is considerably less than that 
of the other colors; although very high brightnesses were employed, 
green could never be seen in the extreme periphery. These results 
have been substantiated, in the main, by later studies (250). 


Color Blindness. The inability to distinguish between simple colors 
has long been a matter of curious interest. As early as 1777 an account 
was given of a certain Mr. Harris of Cumberland, England, who at 
the age of four, “having by accident found in the street a child's stock- 
ing, he carried it to a neighboring house to inquire for the owner; he 
observed that the people called it a red stocking, though he did not 
understand why they gave it that denomination, as he himself thought 
it completely described by being called a stocking" (170). In his later 
life there was abundant proof that he was indeed color blind, and this 
appears to be the first recorded instance of the defect. A score of 
years later the anomaly was being called “Daltonism” after the famous 
English chemist who was himself “red blind” and who gave a remark- 
ably accurate description of the defect. Dalton said, in 1798: “I found 
that persons in general distinguish six kinds of colour in the solar 
image. ... To me it is quite otherwise. I see only two, or at most 
three, distinctions. These I should call yellow and blue, or yellow, 
blue and purple. My yellow comprehends the red, orange, yellow, and 
green of others; and my blue and purple coincides with theirs. . . . 
Woolen yarn, dyed crimson, or dark blue is the same to me.” The 
English-speaking world has long since given up the intimate associa- 
tion of color blindness with the name of John Dalton, preferring to 
remember him for his part in the establishment of the atomic theory 
of matter, but the French name for color blindness is still “daltonisme.” 

There are several different kinds of color defect, ranging from simple 
color “weakness” to the complete incapacity to detect hue differences. 
The common classification of the various forms, originated by von 
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ies, comes out of considerations due to color theory (the trichromatic 
heor 7, : 
: eory of Young and Helmholtz) and is, therefore, not free from 
prejudice. However, it accommodates well the most frequently en- 
c : : m a ac a 

ountered forms. The von Kries classification is as follows: 


I. Anomalous trichromacy (color “weakness” ) 
A. Protanomaly (red weakness) 
B. Deuteranomaly (green weakness) 


II. Dichromacy 
A. Red-green blindness 
]. Protanopia (red blindness) 


9. Deuteranopia (green blindness) 
B. Blue-yellow blindness 

]. Tritanopia 
JII. Monochromacy (tot 
r Concerning the first class of color disturbances, the “weaknesses,” 
it is difficult to make general statements; too little is known about 
individual differences in “normal” hue sensitivity. We have already 
seen that different observers characteristically get different results in 
the spectral hue discrimination experiment. However, some people 
have extraordinarily high 44 values in either the red or the green 
region and, especially in dim illuminations, may confuse reds and 
greens. If low discriminability is in the red they are said to be 
protanomalous, if in the green deuteranomalous. There is in these 
cases no absolute absence of red or green sensitivity; the loss is merely 
a relative one, and hence higher intensities are needed to permit cor- 
rect color recognition. Instances of anomalous trichromacy are en- 
countered fairly commonly, though with what frequency and to what 


degree it occurs in the general population we cannot know until a 
comprehensive program O esting has been launched. 
^ o 


£ careful color t 
The practical urge to settle the question is not as great as with the 
true color blindnesses, an 


d an adequate survey has never been made. 
D H H u i sigte 3 
Perhaps color weakness exists in all gradations; perhaps it exists in 
distinct “types.” 


pe the case of dichron 
of “r $ 

red-green” blindness, 
commonly. Some surveys place 


al color blindness) 


e more definite. The two forms 


protanopia and deuteranopia, occur quite 
the incidence as high as 8% of the 


male population. Deuteranopia is the more common of the two. Red- 
green blindness is one of those sex-linked biological traits which, like 
hemophilia and several others, is transmitted by the plan of alternation 
Of generations. In successive generations it is transmitted from the 
male, through the female (who; however, is not likely to be afflicted 
with it), to the male. Thus if one is red-green blind he has his ma- 


racy we can b 
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ternal grandfather to hold responsible. Theoretically, a female may 
be red-green blind if both her father and her maternal grandfather 
are afflicted. 

In a general way the two forms of red-green blindness are alike. 
Both protanopes and deuteranopes confuse red and green, seeing 
both as poorly saturated yellow. They have, then, only two colors 
remaining in their spectrum, yellow and blue, and hence they are 
“dichromats.” However, each type can detect errors of matching on 
the part of the other, for there are important detailed differences be- 
tween them. Protanopes have a fore-shortened spectrum at the long 
wave end; deuteranopes are able to see hue (yellow, to be sure) out to 
the normal limit of the red. The brightest part of the spectrum is, 
for the protanope, shifted about 15 my towards the violet, as compared 
with the normal, whereas the deuteranope has a very slight displace- 
ment of the high point towards the red end. In the blue-green, close 
to A300 mp, a “gray band” is seen in the deuteranope's spectrum, com- 
prising a neutral point in the transition from yellow to blue. A similar 
neutral point exists for the protanope (at A498 mp), but it is barely 
noticeable in the spread-out spectrum. These differences between the 
two forms, though minor, are definite and measurable and must be 
taken into account in any final theory of color vision. 

The question may fairly be asked as to how one knows what colors 
are seen by a color-blind individual. Mental content is reputed to 
be private, and color names, after all, are used by the color deficient 
very much as they are by those with normal color sensibility. The 
protanope sees a muddy yellow on looking at a red brick building, but, 
since the word “red” seems to be used quite universally by other 
people in describing bricks, the muddy yellow is for him “red” and so 
he calls it. Similarly with green, the particular yellow he sees on look- 
ing at the lawn is for him “green.” It is because color blinds ordinarily 
possess a good color vocabulary (and also because many color normals 
have a poor color education!) that tests of color vision cannot be based 
on color naming if they are to separate successfully the color defective 
from the normal. The one way to be sure what colors are seen by the 
color blind is to find instances of unilateral color defect, people with 
one normal and one color-defective eye. Such cases do exist, and a 


few have been competently studied (262), 
An import 


ant feature of red-green blindness is the retention, despite 
the color de 


fect, of normal visual acuity. Det 
detected as well by protanopes and deuter. 
This is of the utmost significance and mus 
non-functioning end organs in these eyes. 


ails of objects can be 
anopes as by the normal. 
t mean that there are no 
Attempts to account for 
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red-green color blindness on the grounds of the lack of some set of 
receptors should be immediately discouraged. Obviously protanopes 
and deuteranopes have a full complement of sense cells, as otherwise 
their acuity would be cut down by some constant large fraction. 

The other form of dichromatism, ycellow-blue blindness, occurs 
rarely and seems always to be associated with some pathological con- 
dition of the retina or optic tract. This being the case it is difficult to 
arrive at generalities; each case has its own idiosyncrasies. About the 
only symptom all tritanopes have in common is the characteristic 
confusion of blue and yellow without, however, any loss of red-green 
discrimination. A neutral transition appears in the spectrum of the 
tritanope, as in other forms of dichromacy. In those cases successfully 
measured in this regard there is fair agreement that the gray band oc- 
curs in the neighborhood of A570 mp, longer waves appearing red, 
shorter ones green or bluish green. 

A final form is monochromacy, in which there is no hue discrimina- 
tion whatever. Cases of total color blindness are rarities, only a few 
ever having been studied with any thoroughness. The monochromat 
sees the entire spectrum as varying shades of gray; objects can be 
discriminated only on the basis of brightness differences. Total color 
blindness is inevitably complicated by other symptoms, some of them 
quite incapacitating. One such accompaniment, greatly reduced acuity 
in normal illuminations, either forces the monochromat to seek the 
protection of dark glasses or requires that he adopt half closure of the 
lids to prevent being dazzled. More or less constant nystagmic move- 
ments, rapid sidewise and vertical oscillations of the eyeballs, vastly 
complicate seeing and suggest that the central retinal region is being 
avoided in fixation. Pupil reactions are sluggish and greatly dimin- 
ished in extent. 

All these characteristics of monochrom Hing 
the simple explanation that the entire visual function is here mediated 


exclusively by the rods. All behavior is in line with the supposition 
that cones are either missing or failing in function. There is, of course, 
One way of settling the question. That is to make spectral visibility 
determinations on the eye of a totally color-blind individual. One such 
Set of measurements has been made by the author (110). The visibil- 
ity curve is reproduced in Fig. 28. It will be seen that it coincides 
almost perfectly with the accepted scotopic curve. Thus there seems 
to be no d oubt: that vision in the monochromat is entirely the concern 
of rods: cones, at least functional ones, are completely missing from the 
Picture, Whether the cone structures are present is not known. Only 


acy concur in pointing towards 
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one totally color-blind eye has even been subjected to post-mortem 
histological examination, and the findings were uncertain. 

The foregoing account of color blindnesses represents something of 
an oversimplification in that several additional forms, all of them rare, 
have been encountered since the von Kries classification was devised. 
Thus, there has been recognized since about 1925 a third kind of 
anomalous trichromacy, the “tritanomalous” type. Just as the prota- 
nomalous may be described as those who require too much red, in a 


1.0 


9 Monochromatic - (J.M.) 
* Normal scotopic y 


0 
440 


520 560 600 
Wavelength in millimicrons 


Fic. 28. Spectral visibility in total color blindness. The visibility curve for a 

monochromat is shown as a solid line. The black dots are scotopic visibility values 

as determined by Hecht and Williams (160). The normal photopic visibility 
curve is shown as a dotted line. From Geldard, 110. 


red-green mixture, to match yellow, and the deuteranomalous as those 
needing too much green in the same circumstance, the tritanomalous 
use too much blue in creating standard blue-green mixtures. Tritan- 
omaly thus lies between normal trichromacy and tritanopia and, like 
its partners, exists in various degrees. 
Another form of yellow-blue blindness h 
variety known as tetartanopia. To the teta 
pears red at the long wavelength end, green in the middle region, and 
red again in the short wavelengths. Two neutral bands separate the 
three segments, one at A580 my. and the other at A470 mp. This type 
contrasts with tritanopia as classically described. The tritanope has a 


red-green spectrum also, but typically he has a single neutral band, 
near 4570 mp. 


as been distinguished, a 
rtanope the spectrum ap- 
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disabling symptoms found in the congenital type. In one form the 
luminosity of the spectrum has a high point where the normal’s is, in 
the region of A560 mp. High-intensity acuity is also good, but there are 
no colors; all differences are those of shading. The other type has a 
protanopic luminosity curve with, therefore, a peak of sensitivity at 
about A540 mp. The most reasonable explanation of this set of symp- 
toms is that an inherited dichromatism, protanopia, has become com- 
pounded by disease of the retina or optic nerve, acquired tritanopia 
reducing the state of vision to the monochromatic. It goes without 
saying that this combination of events occurs extremely rarely. 

If we now bring together the salient features of all kinds of color 
weakness and color blindness discussed we have the condensation 


provided by Table 1. 


CHARACTERISTICS OF THE VARIOUS FORMS OF COLOR DEFECT 


After D. B. Judd (176) 


Taste 1. 


Peak: of Position of 
Hue Spectral Neutral Point 
Discrimination Sensitivity (“Gray Band") 
" Type of Color Defect Remaining (mp) (mp) 
‘Anomalous tric’ acy x 
[SE nde eia T Y-B, R-G (weak) 540 None 
Deuteranomaly Y-B, R-G (weak) 560 None 
‘Tritanomaly - R-G, Y-B (weak) 560 None 
Jichromacy À è " 
rotanopia Y-B 540 493 
Deuteranopia Y-B 560 297 
Tritanopia R-G 560 UR 
1 Tetartanopia R-G 560 470, 580 
onochromacy 
Congenital None 510 All 
Acquired None 60 All 
-ombined protanopia "€ 50 All 


and tritanopia 
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The most profitable line of thought in color theory stems from Thomas 
Young (1807). Beginning with the fact that all colors may be repro- 
duced by the suitable mixture of but three primaries, Young supposed 
that there existed three distinct sets of nervous fibers, one set sensitive 
to red, one to green, and the other to violet. The expansion of the 
theory at the hands of Helmholtz and his followers is classic. Figure 
29, taken from Helmholtz’ great Physiological Optics, represents the 
degree of excitation assumed to occur in each of the three kinds of 
nerve fibers when stimulated by light from various parts of the spec- 


R ie) G Gr BI M 
Fic. 29. The original excitation curves of Helmholtz. These three diagrams, 
entirely imaginary in their construction, "indicate something like the degree of 
excitation of the three kinds of fibres, No. 1 for the red-sensitive fibres, No. 2 for 
the green-sensitive fibres, and No. 3 for the violet-sensitive fibres" (168, p. 143). 


trum. It will be noted that all fibers are responsive in some measure 
to all waves, though the “red” fibers (those that report "red" when 
stimulated) are excited most by long waves, "green" fibers respond 
best to those of medium length, and "violet" fibers are maximally 
stimulable by short waves, It should be noted that the peak of the 
“violet” curve is in a spectral region that may as well be called “blue.” 
The designations “blue” and “violet” are therefore used indiscrim- 
inately in discussions of the trichromatic theory. All sensations of 
color result from these three simultaneous excitations, and one need 
only know the relative Strengths of the components in the stimulus 
light to predict what color will be seen. Thus yellow, e.g., involves 
approximately equal responses on the parts of the red and green fibers, 
a small violet component slightly desaturating the mixture. Greenish 
blue results from equal excitations of the green and violet fibers, a little 
red “graying” it. White Consists of simultaneous and equal activity 
by all three sets of fibers, 

Nowadays we conceive the mechanis 


m to be three different sets of 
cones, each with its own light-sensitive 


material and its own absorp- 
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tion characteristics, but Young's basic idea of three additive processes 
is retained in the modern statement of the theory. 

It has been amply demonstrated that several different sets of curves 
will satisfactorily care for all the facts of color mixture. The three 
components may be relatively widely separated, as in Fig. 29, or they 
may overlap to a great extent. It is only when one considers other 
quantitative relations, such as those coming out of hue discrimination 
and spectral saturation measurements, that the possibilities become 
limited. Figure 30, taken from Hecht’s theorizing, shows three sets 
of cone primaries designed to meet slightly different demands. The 
Upper sct of curves describes color mixture and photopic visibility 
exactly but only approximates the data of hue discrimination and satu- 
ration. The middle set has been adjusted to the “colorimetric purity" 
(saturation) data of Priest and Brickwedde. The lower curves de- 
Scribe better than the others the detailed facts of hue discrimination 
but slightly distort the other relations. The differences need not be 
Stressed to the exclusion of the similarities, however. It is apparent 
that Young’s trichromatic theory may still, about a century and a half | 
after its inception, accommodate modern color measurements to a | 
remarkable degree. Even if slight concessions were to be made here , 
and there in the construction of the curves and an average of them 
taken, it is apparent that most of the basic facts of color vision—mix- 
ture, spectral visibility, hue discrimination, complementary colors, and 
Spectral saturation—would be cared for tolerably well. In view of the 
fact that these several sets of measurements were made by different 
investigators, at different times, and with various equipment and 
observers, the agreement must be considered truly striking. m 

One startling thing coming out of a study of the cone eae S 
the realization that the spectrum does not yield much “co or F sie 
White results from equal excitations of all three elemenia, n o di 
that the “whiteness” at any point in the spectrum is given y a ya ue 
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Fic. 30. Spectral characteristics of three hypothetical sets of cone primaries. 
The top set of curves satisfies the facts of color mixture and photopic visibility 
exactly, the middle set accommodates the data of saturation discrimination, while 
the lower set fits hue discrimination data better than do the others. From Hecht, 
151. By permission of the Howe Laboratory of Ophthalmology, Harvard Uni- 
versity. 
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through which the majority of optic nerve fibers pass in the projection 
of the retina on the cortex. There are known to be six distinct layers 
of fibers in the lateral geniculate body, three from each eye. Destruc- 
tion of tissue at a local area of the retina leads to degeneration in all 
three pathways through the geniculate body (59). The conclusion 
seems inescapable that three processes are associated with a particular 
retinal locus. The idea is strengthened by the added knowledge that 
such threefold representation in the geniculate body obtains only for 
the central region of the retina, the only place where color recognition 
is distinct. 

Despite its many advantages the trichromatic theory of Young and 
Helmholtz has not always had a clear field, nor have its fundamental 
tenets remained undisputed. Two other theories, that of Ewald Hering 
and that of Christine Ladd-F: ranklin, have contended for prominence, 
and the weight of opinion, especially in psychological circles, has 
sometimes favored one or the other. The chief objection of both Hering 
and Ladd-Franklin to the trichromatic theory is that it fails to recog- 
nize the cardinal fact that yellow and white are as elementary and 
simple in experience as are red, green, and blue. Ladd-Franklin com- 
plained that “the Young-Helmholtz theory is at most three-fifths of 
a colour theory." This point has been encountered before, and we 
have seen that it has been met, at least formally, by the demonstration 
that yellow and white may be "brain" processes, since they may be 
synthesized through binocular mixture. 

Whereas the principal facts prompting the trichromatic theory were 
those of color mixture, it was a purely psychological consideration, 
the apparent unitariness of the six sensations, white, black, red, green, 
yellow, and blue, that served as the inspiration for Hering's theory of 
color vision. He supposed the primaries to be arranged in pairs and 
thus also arrived at the idea of a three-component mechanism. There 
are for Hering three complex substances, one mediating white-black 
vision, another accounting for red and green, and a third responsible 
for yellow and blue. Each substance, in its unstimulated condition, 
is in a state of equilibrium and yields gray (the “self-light of the 
retina”). The white-black material is more plentifully supplied and 
is more readily excitable than the others, When activated it gives 
purely achromatic brilliance and can be depressed in the direction of 
black only through light adaptation and contrast. The other two 
substances behave somewhat differently, having their activity either 
depressed (catabolism ) or augmented (anabolism) by the action of 
light. The red-green substance yields red when “torn down” by 
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light, and green when “built up.” Similarly, in the yellow-blue sub- 


stance catabolism produces blue, whereas anabolism results in yellow. 


Spectral light falling on a system of this kind will excite all three 
and the single sensation elicited will 


substances in varying degree, 
, as in the trichro- 


be the resultant of the three processes acting jointly 


matic theory. 
Hering was never very clear about the location of his metabolic 


Substances, always referring vaguely to the Netzhaut, the entire optical 
nervous apparatus, as responsible for light reception. It remained for 
Troland (286), the outstanding modern exponent of the theory, to 
restate it and place the substances in three types of cones. He has, 
at least qualitatively, shown the adequacy of the theory to the main 
facts of color mixture (albeit a little wastefully, since three compo- 
js are enough), hue discrimination, gy data, a ere LEE 
atter-images, Special as ions are needed to care or the color 
"zones" nd Meca PRÉ as indeed they are for the Young- 
Helmholtz theory. A serious difficulty in the Hering theory lies in 
Its basic postulate that anabolism can be brought about by the direct 
action of an external stimulus. This notion runs counter to all modern 
Physiological conceptions of metabolic reactions. : 
The Ladd-Franklin theory represents in a sense à compromise, being 
trichromatie for mixture purposes but tetrachromatic in its insistence 
on the primacy of yellow. The distinctive feature of this SIS 
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Are there two atavistic paths—and leading to what variations of the 
yellow substance? 

The color “zones” might reasonably represent the present state of 
evolution of the color sense. The primitive white substance is present 
throughout the entire retina, and hence brightness discrimination oc- 
curs out to the limits of the visual field. The blue and yellow sub- 
stances, being the first decomposition products, have not yet invaded 
the extreme periphery but are more extensively distributed than the 
red and green, which, being relatively recent acquisitions, are restricted 
to the inner zone. It would be convenient for the theory if the red 


and green fields were more nearly coincident and if the limits for 
blue and yellow similarly fell together. 


A more serious difficulty arises from the failure to “house” the sen- 
sitive substances. The theory does not lend itself to the picture of 
discrete types of cones. This in itself is not necessarily bad, but the 
alternative is to suppose that three or more different kinds of messages 
may be conveyed over identical nerve fibers. This does violence to 
some very well-established neurological ideas which, until we are in 
possession of better ones, we would do well not to discard, 

Certain color phenomena are not handled at all adequately by any 
existing theory. The satisfactory explanation of the common varieties 
of color blindness has, in particular, been a stumbling block. It will 
not do to assume, as some proponents of the Hering theory have done, 
that R-G blindness represents simply the absence of the R-G substance. 
Again, why protanopia and deuteranopia? The R-G substance cannot 
be “missing” now one way and now another. Acuity, we have noted, 
is normal; presumably nothing is missing. 

If an explanation of color blindness is to be based on a purely 
retinal mechanism the most nearly adequate one would appear to be 
that of Fick (92). Reasoning within the framework of the Young- 
Helmholtz theory, he supposed protanopia to result from the sub- 
stitution in the “red” cones of the green receiving substance with, 
however, a retention by the fibers attached to the red cones of their 
normal capacity to report “red.” There would then be a shortening 
of the spectrum at the long-wave end, and the red cones would respond 
simultaneously with, and to the same extent as, the normal green 
cones. Neither “red” nor “green” could be reported in isolation, and 
all spectral lights down to about 4500 mp would appear yellowish. 
Similarly, deuteranopia involves the substitution in the “green” cones 
of the red receiving material. No shortening of the spectrum would 
be occasioned, and, owing to the manner of crossing of the red and 
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blue curves, an appreciable “gray band” should appear in the deuter- 
anopic spectrum in the region of A500 mg. As with the protanope, all 
visible waves longer than this should yield yellow, since there is no 
way in which the “green” and “red” could be elicited singly. 

This special modification of the trichromatic theory explains the two 
forms of R-G blindness remarkably well and is clearly in advance of 
all other color theories in this regard. A difficulty appears, however, 
when one attempts to relate it to the quantitative facts of spectral 
Visibility in red-green blindness. There is no trouble with deuter- 
anopia; the relations are as predicted. The protanope, however, sees 
the spectrum as too bright in the blue and violet and too dim in the 
long waves to accommodate the theory precisely, however ingenious 
it may be. 

There is, of course, no necessity for adhering to the idea of a strictly 
retinal mechanism in attempting to account for color phenomena. It 
is perhaps short-sighted of the classical theories of color vision that 
they have so little to do with the optical pathway and optical brain. 
It is as though these organs were not participants in the visual response. 
One theory, which is reasonably adequate to the facts of color blind- 
Dess, takes some account of processes other than the photochemical 
Ones of the retinal receptors. This is the formulation of G. E. Müller 


(177). It is made up of the chief elements of the Young-Helmholtz 
and Hering theories and is sometimes spoken of as a “zone” or “stage 
; the photochemical one of light 


theory of color vision. The first stage is te j 
reception by the cones. For this initial step Müller supposes the pri- 
maries of the Young-Helmholtz theory (red, green, violet) to be end 
ent. A second stage is chemical and involves two pairs of ee. 
Processes, the red-green and yellow-blue balanced d o a 
Tering theory. The final stage is that of excitation i SUA y sol 
lere may be aroused the six “psychological primaries”: red, yellow, 


Sreen, blue, black, and white. 

The implication of the Miiller theory is that a most elaborate 
Mechanism is at work, but perhaps 
Bree of c E ; rate t 

3 omplexity. At any ra : volenti 
simpler a ai predicts in some detail the characteristics of all 
the forms of color blindness listed in Table 1, including the rare types. 

‘ike its progenitors, however, it is not a complete theory ae that many 
Color phenomena other than those of color-defective vision go un- 
*Xplaine i 

d by it. aluation of the current available 


ev 
the 


color vision does involve this de- 
he theory does what none of the 


Vhat ; in 
at shall we say now ! ; 5 : 
Ories? Is one clearly right and the others wrong: If we thought 
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so we should never have regarded them as theories in the first place. 
All have demonstrated their worth in setting problems and aiding in 
their solution. Until a master generalization is unearthed which will 


make one or more of the theories completely untenable it is the part 
of wisdom to retain them, view them critically, a 


nd be constantly ready 
to revise or abandon them. 


( 


Visual Acuity, Contrast, 


and Interaction 


Spatial Visual Acuity. Under usual conditions of illumination an 
object may be seen with the greatest distinctness if we “turn our eyes” 
toward it, i.e., if the image is made to fall on the fovea. Peripheral 
regions of the retina have little power to discriminate particulars of 
form. The appearance of the whole visual field has been likened to 
a “picture the details of which are finely etched in the center as in a 
steel engraving while the outlying parts are only roughly sketched in 
as in a charcoal drawing.” 

Visual acuity, the capacity of the eye to resolve det: 


mally varies greatly in different regions of the retina. 
is given in terms of the reciprocal of the angular 
are just distinguishable 


ails, thus nor- 
The precise 


definition of acuity 
distance separating two contours when they 
use it conveniently represents average performance of 
en to be one minute of are. A person 
able to discern as distinct two points 
and, if this represented his best per- 
yes have a resolv- 


as two. Beca 
the “good” eye, the unit is tak 
with normal acuity would be 
Separated by as little as 1’ of are 
formance, his acuity would be 1.0. Actually, some e 


ing power of as much as 2.0 or even 3.0. 
Test objects most commonly used for determining visual acuity are 


the Snellen letters (the familiar letter chart of the oculist’s office), 
Landolt rings (broken circles), ruled gratings, and variations of these. 
The convention is to employ as a standard an object subtending a 5’ 
angle, the detail to be discriminated being Y in width. Ideally, the 
5:1 ratio should be maintained throughout a set of different-sized test 
Objects. With block letters, such as those of the Snellen series, this 
be approximated, since only a circular form 
Could meet it rigidly. The Landolt “broken circles” (or the Ferree- 
Rand “double broken circles”) are superior and should in time sup- 
Plant the Snellen letters. Gratings consist of glass plates having 
equidistant parallel lines ruled on them; their great advantage lies 
83 


Téquirement can only 
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in the fact that transmitted rather than reflected light may be used 
with them. Grids and checkerboard designs have been employed by 
some. Acuity measurements have also been made with single fine 
wires suspended in a uniformly illuminated field, the thinnest wire 
to be resolved determining the acuity level. Clearly, the concept of 
acuity has here been given a different definition, there being no inter- 
space to be discriminated, and we should not expect exact agreement 
between results gained by the two methods. Indeed, experiment proves 
the results to differ in the two cases. Measures of the minimum visible 
(single-fine-line technique) typically show the least width of line that 
can be detected to subtend an angle of the order of 1". Acuity as 
measured by the minimum separable (interspace between contours) 
requires an angle of the order of 1’, as we have seen. 

Still other kinds of visual tasks may be used as a basis for measuring 
acuity. Vernier acuity involves the detection of a break in a single 
vertical line, the displacement being a lateral one. The smallest “jog” 
in the line that can be seen thus establishes the magnitude of vernier 
acuity. Acuteness of vision measured in this way is more nearly re- 
lated to the minimum visible than to the minimum separable, giving 
optimal values around 5-10" of are. Stereoscopic acuity brings in the 
binocular relation. It is defined in terms of the least perceptible depth 
displacement of two objects. The objects may be presented separately 
to the two eyes, as in the stereoscope, or real distance separations may 
be effected, as in the “three-rod” (Howard-Dolman) test, familiar as 
a test for depth perception in the armed services. Visual acuity de- 
termined stereoscopically gives optimal values close to those for 
monocular vernier acuity (5-10" of arc), though the psychophysio- 
logical processes concerned in the two are patently different. In a 
well-controlled experiment employing a stereoscope to present a sta- 
tionary vertical line to the left eye and a movable one to the right, 
Mueller and Lloyd (217) found stereoscopic acuity to vary system- 
atically with intensity of illumination, averaging around 10” of arc 
for high intensities and about 25” for low. 

Acuity, however measured, varies with illumination in an interesting 
way. We know from everyday experience that small print, difficult 
to discern in dim light, may be read with ease under higher illumina- 
tion. The relation has been worked out systematically, and the data 
gathered by Koenig, at the turn of the last century, are still standard. 
They are reproduced in Fig. 82. The S-shaped curve should by now 
be suggestive. As suspected, the function is really compounded of 


two. The lower branch is representative of rod mediation; above an 


acuity of about 0.1 the cones take over the task. 


Cu 
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One interpretation that accords well with other phases of visual 
theory requires us to suppose that both rods and cones vary among 
themselves with respect to threshold. At the lowest illuminations 
only a few rods are stimulated. Since they presumably have a “chance” 
distribution (with respect to threshold), this amounts to a sparse func- 
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If the active elements are far apart the resolving 


power must be poor, just as in a “grainy” photographie film in which 


the elements are relatively far apart. As light intensity is increased, 
- thresholds passed, bringing a greater 


more and more rods have their thr i 
number into play and thus reducing the average distance between 
functioning receptors. At a certain point (acuity of 0.1, approximately ) 


the cones enter the picture and shortly are exclusively mediating the 
visual response. Vision is now best foveally, and it improves steadily 
with continued increase in illumination. Only when the thresholds 
of all cones have been passed will a further intensity increase be in- 


tional population. 
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effective. If illumination is extremely high, reflectance from all ob- 
jects, “black” and “white” alike, will be great. Receptors can no longer 
function differentially, all will be stimulated maximally, and “glare” 
will be the result. The inability to discern any objects when subjected 
to the dazzling light of a snow field in the full sun is a case in point. 

The mechanism assumed by this account is, of course, identical with 
that postulated for intensity discrimination. And why not? Visual 
acuity may be thought of as a special case of intensity discrimination. 
To test the resolving power of the eye one sets up a situation which 
requires the subject to make a darkness-lightness judgment: to detect 
the light interspace between two dark contours, to distinguish a dark 
line against a bright background, to tell when two points of light, seen 
in the dark, fuse into one or break apart, etc. Any interpretation of 
visual acuity, to be acceptable, must be in full accord with one’s basic 
account of intensity discrimination. 

There has been much speculation concerning the anatomical basis 
of visual acuity (295, 256). Measurements of the diameter of foveal 
cones yield suggestive values. According to Polyak’s determinations 
(234) the average cone in the center of the fovea centralis is of such 
size as to subtend a visual angle of 24”, though some are even a little 
smaller. This value includes the sheath separating adjacent cones. 
For the minimum separable such a value would serve. It need only 
be assumed that between two groups of stimulated cones there are 
two or three unstimulated rows. For the minimum visible, however, 
the cone diameters are too great to permit of an explanation in terms 
of end-organ separation. 

As matters now stand this kind of thinking about visual acuity proves 
to be quite unprofitable. One need only recall the many events tran- 
spiring between the entrance of light rays into the eye and their final 
representation in the brain to see that the geometrical features of a 
test object are unlikely to be preserved without change throughout 
this elaborate process. To begin with, there is not even complete 
preservation of the optical image within the eyeball itself. A variety 
of influences operate to blur it. Light is diffracted by the edge of 
the pupil and scattered by the dioptric media through which it must 
pass to reach the retina. The eye, in common with most optical in- 
struments, is subject to both chromatic and spherical aberration. As 
though these factors making for indistinctness of the image were not 
enough, the entire eyeball, it turns out, is only unstably held in posi- 
tion. The line of regard, in fixating an object, actually dances about 
slightly, Careful measurements of the eye’s fixational movements 
(“physiological nystagmus,” it is sometimes called) have been made 
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by Riggs (242), using an ingenious technique in which a plane mirror 

mounted on a contact lens is the main element in a sensitive optical 

lever. Four different kinds of motion are found to be going on when 
the eyes are being “held still.” There are: (1) very rapid movements 
occurring at frequencies ranging from 30 to 70 per second. These 
rarely embrace excursions of as much as 1’ of arc, having an average 
extent of 17.5", but may occasionally be as large as X of arc; (2) rela- 
tively slow motions, highly variable from moment to moment and from 
one subject to another, occurring generally 2 to 5 times a second and 
ranging from I’ to 5’ in extent; (3) slow drifts extending as much as 
5’ in any direction and on which both of the above described motions 
are superposed; and (4) irregular rapid jerks, ranging from 2.2’ to 
95.8’ of arc (average of 5.6’). These jerky motions often seem to be 
compensatory for the slow drifts. If all these movements of the eye 
are now combined it is seen that “fixation” of the eye is a very lively 
event and must be thought of in dynamic, rather than static, terms. 
In fact, it would appear that the eye is never really motionless. Over 
a period of 8 to 4 sec, even though their owner is making every effort 
to maintain steady fixation, the eyes are totaling up movement that 
amounts to 10-20’ of are. In all this activity light from any given 
point of an object being “fixated” must be impinging successively on 
25 to 50 different receptor cells and can be expected to remain on 
one cone for only a few hundredths of a second, at most. 

In view of all these influences making for non-correspondence be- 
tween the visual acuity test object and a particular pattern of cells 
in the retinal mosaic, one sees how fruitless it is to speculate about 
the minimum separable or the minimum visible in relation to the width 
of optic nerve endings. Acuity must eventually find an adequate ex- 
planation in its underlying neural anatomy and physiology, but the 
suspicion is that the relevant nervous structures and functions will be 
those of the optic nerve and visual cortex of the brain. At least, con- 
siderations other than those having to do with the peripheral end 


organ will be important. 


Temporal Acuity; Flicker. When a series of equally spaced flashes 
strikes the retina, flicker is likely to result. Whether flicker will be 
seen and what its appearance will be are primarily determined by the 
flash frequency. When it is low the contrast between darkness and 
the flash is great. As frequency is increased there is a reduction in 
contrast, and at a sufficiently high rate of repetition the individual 
flashes will not be sensed at all. The point at which flicker just dis- 


appears is known as the critical fusion frequency. It is convenient to 
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provide the flashes by interrupting a steady light with a sectored disc 
and, by convention, one having equal open and closed sectors. In 
making a critical fusion frequency determination it is necessary only 
to increase disc speed until the last vestige of flicker has just been 
eliminated, leaving a smooth and steady field, and express frequency 
in terms of the number of flashes (or cycles of light and dark) per 
second. 
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Fic. 83. "The relation between critical frequency of fusion, in cycles (flashes) 

per second, and intensity of illumination, in photons (trolands), for seven different 

spectral regions. From Hecht and Shlaer, 157. By permission of the Rockefeller 
Institute for Research and Dr. Shlaer. 


Critical fusion frequency proves to be a variable quantity, though 
precisely measurable for a given set of conditions. 


It depends upon 
the intensity of the stimulus, its w: 


avelength composition, stimulus size, 
the state of adaptation of the eye, the retinal locus of the image, 


whether or not there is excitation of neighboring retinal areas, and 
probably other factors. If all but one of these variables is held con- 
stant and the effect of the remaining one is systematically investigated, 
accurately reproducible curves may be obtained. The relation be- 
tween fusion frequency and intensity of illumination is of special in- 
terest and has been determined many times. Figure 33 gives some 
typical results. "This graph has the additional advantages of showing 
the dependence on wavelength and the now familiar characteristic 
break between the rod and cone segments of the function. The main 
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relationship, however, is that between intensity (log I) and fusion 
frequency. From about 15 flashes per second, the practical lower 
limit at which fusion may be maintained with the dimmest foveal light, 
to about 60 flashes per second, above which flicker cannot be detected 
even in the brightest test patch, there is an approximately linear rela- 
tion with log I. A series of such lines obtains for lower intensities 
visible in the periphery, ranging upwards from about 3 flashes. It 
was originally thought that the relation was a strictly logarithmic one, 
and the Ferry-Porter law, formulated in 1892, stated this to be the 
case. We now see that this relation, like that for AI/I, has a curvilinear 
form. 

It is not immediately clear why the fusion point-log I curve should 
run in the direction it does. One might suppose that a bright flash, 
arousing a more vigorous response on the part of the retina, would 
"carry over" farther into the dark interval and thus require a lower 
flash rate to produce continuity. The positive after-image of a dim 
light would not persist as long and would seem to require a high 
Critical fusion frequency. The mystery is dispelled when one comes 
to think of flicker in terms of successive brightness discriminations 
(Fig. 84). Flicker can be seen only when excitation level fluctuates 
outside the limits of one j.n.d. of brilliance. An intense flash precipi- 


tously raises the excitation level to a high point, but its decline is also 


Sharp. A series of dim flashes yields a more gradually changing ex- 
Citation curve, and a new flash is not required so promptly to maintain 
the undiminished level. 

Because fusion frequency is accurately determinable and because 
it varies regularly with a number of influences affecting visual sensi- 
tivity, it may itself be used as an index of sensitivity. The author has 
elsewhere urged (111) that in the critical fusion point we have a meas- 
ure of visual temporal acuity, analogous to visual spatial acuity meas- 
ures, already discussed. " . 

One of the puzzling features of the critical flash rate is the manner 
in which it varies, under standard conditions, from one individual to 
another, Fora given moderate illumination it is possible to find values 
ranging between 35 and 45 flashes per second among a dozen different 
observers, For a single individual this would correspond to an illu- 
mination change of 1:100, a very considerable one indeed. It is not 
a matter of unreliable measurement. Ten successive settings from the 
same subject will show a very narrow range of values; as has been said, 
great precision attaches to such determinations. An extensive study by 
Tice (281) involving large numbers of measures, not only of fusion 
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points but of other timed visual phenomena, has failed to provide any 
correlations suggesting an adequate answer to this question. 

Another curious effect associated with flicker is that appearing when 
rotation speed is reduced below the fusion point and the successive 
flashes begin to be seen as somewhat discrete. Under these conditions 
there is a great enhancement of brilliance, that of the individual flashes 
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Fic. 34. The theoretical course of flicker. The lower curve represents the fluctua- 

tions in brilliance evoked by a dim light at the critical fusion frequency. The 

upper curve similarly represents the effect created by a bright light. For the more 

intense stimulus the rise in excitation is quite abrupt, but so is the decline. The 

stimulus flashes must be repeated more frequently to maintain excitation within 
the limits of AI and render the flickering light “steady” in appearance. 


increasing far above the level they would reach with steady light of 
the same intensity. This is known as the Briicke effect and has been 
extensively investigated by Bartley (17). There is considerable evi- 
dence to show that subjective flicker rate is not “locked” to objective 
flash rate, especially at low frequencies of the latter. Autonomous 
brain processes, revealed by electrical brain waves, apparently enter 
the picture to modify flicker phenomena. 


Contrast. Another lack of exact correspondence between stimulus 


and sensation is revealed in contrast. Broadly stated, contrast occurs 


in any field in which differential stimulation occurs. Since a homoge- 
neous field filling the entire retina is encountered but rarely, contrast 
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is seen to be a very general phenomenon, affecting practically all visual 
experiences. Two lights, closely adjacent in the field, alter the ap- 
pearance of each other in a predictable way. If the lights are colorless 
we are dealing with an instance of brightness contrast, and the effect 
is in the direction of increasing the observed difference between them. 
If the lights possess hue color contrast intervenes also to augment the 
difference but, in this instance, to shift each one in the direction of 
the complement of the other. A simple way to observe the contrast 
effect is to place a gray square on a colored surface. The gray imme- 
diately becomes tinged with the hue complementary to the back- 
ground. . Pieces of gray paper cut from the same sheet appear almost 
unbelievably different when compared on several different well-satu- 
rated colored backgrounds. 

Very vivid contrast effects can be produced by the “colored shadow” 
technique. If general illumination is supplied to a surface by a colored 
lamp and an opaque object, such as a rod, is held so as to cast a shadow 
on the surface, the area on which the shadow falls will be found to 
possess the hue of the complement of the light. If, now, accessory 
white general illumination is made to fall on the surface, the contrast 
color in the shadow will be quite vivid. It is a general rule of color 
contrast that it is at a maximum when unaccompanied by brilliance 
contrast, and the white light here tends to equalize brightness. The 
elimination of contours between two contrasting areas also favors 
maximal color effects. PERE 

Color contrast is so undeniable and real a phenomenon as to lead 
to the conviction, on the part of the naive observer of it, that its ex- 
planation is to be given in physical terms, that it represents something 
happening “out there” in the stimulus. The author has seen a student, 
working in the laboratory on the contrast eite, BRSIEUDE to recom- 
bine, by an ingenious prism arrangement, i ast on in shadows! 
Pedagogical principles dictated that the experiment not be interfered 
With, and the results were instructive if nie i 

Many explanations of contrast (€ one ^ ae hey range from 
the fantastic suggestion that a rapid “circu DET of c Ta photo- 
chemicals goes on in the retina ( Ladd-Fran in) to t he notion that 
contrast always represents an illusion of judgment” (Helmholtz). 
Both of these are almost certainly wrong, but, of all the hypotheses 
thus far offered, there appears to be none that is clearly correct. Most 
speculation as to the “seat” of the process places it in the brain, but it 
can be demonstrated that, if so, it is presumably not identified with 
activity of the highest centers. A Lg oq by Graham (124, 
p. 861) of an old experiment by Hering on binocular color mixture 
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shows conclusively that contrast must be induced before the arrival 
of impulses at the visual cortex. ; 

It is urgent that a satisfactory theory of contrast be devised; it has 
proved the greatest possible stumbling block for general color theory. 
None of the current theories, successful though they may be with a 
considerable range of other facts, has any adequate account to offer 
of color contrast. 


Spatial Interaction. While contrast may eventually turn out to be 
a subcortical brain process, there is little doubt that the retina itself 
provides the possibilities for interaction of excitations. When we were 
considering the structure of the retina, it was noted that many lateral 
connections are present. The supposition is that the retina can operate 
as a nervous center. Prompted partly by this suggestion and to some 
extent by the desire to quantify the relations in brilliance contrast, a 
large number of studies have been directed towards interaction phe- 
nomena. 

It is known that, in the relatively simple nervous centers found in 
the spinal cord, neighboring pathways interact with each other to 
provide a variety of effects: facilitation, summation, inhibition, “re- 
cruitment,” etc. (63). Is the retina capable of any of these? It appears 
that it is. 

The problem has a brief but busy history, and the “classic” experi- 
ment in this field is that of Adrian and Matthews in 1928 (6). Their 
work was on the eye of the conger eel, a record being made of the elec- 
trical changes in the optic nerve. The “latent period,” the time be- 
tween the application of the stimulus and the initial response on the 
part of the nerve, was taken as the measure of sensitivity. Latency of 
response to four closely grouped light spots falling on the retina proved 
to be shorter than that to any single spot. When the illuminated areas 
were separated by greater distances and “summation” no longer ap- 
peared, bathing the retina with strychnine (known to permit ready 
spread of nervous impulses) once more brought about a relative re- 
duction of latency to the “four-spot” stimulation. 

A technique used widely for studying interaction is the flicker 
method. There are good reasons for believing that flicker measure- 
ments provide an index of purely retinal events, and the assumption 
that they do has been widely accepted (124, pp. 844-845; 254). Using 
flicker, Granit and his colleagues have demonstrated that summation 
occurs in the periphery of the human eye. A repetition of the “four- 
spot” experiment yields results which are best interpreted as evidence 
for summation on the part of the rod mechanism (126). Absolute 
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threshold determinations in the periphery, made with two interacting 
stimuli present in various degrees of separation, point to the same 
conclusion (28). 

That spatial summation should occur in the periphery of the human 
eye, where many rods converge on a single ganglion cell, is probably 
to be expected. The functional and anatomical facts are in agreement. 
However, it is not so clear why summation should operate within the 
rod-free macula where the arrangement of nerve fibers is quite dif- 
ferent. Yet abundant experimental evidence indicates that it does 
(129, 111, 108). Nor is it apparent what mechanism is responsible 
for bringing about a facilitation of macular vision when an additional 
stimulus is thrown into the periphery. It is known that foveal sen- 
sitivity, both absolute and differential, is improved by using a bright 
“surround” encompassing the central field. Foveal fusion points are 
raised also by adding a steady light to the periphery (109). It has 


likewise been shown that peripheral sensitivity is enhanced by simul- 


taneous macular stimulation (294); interaction apparently works in 


both directions. SAU 
Not all interaction effects are those of facilitation, however. Under 


Some conditions (125, 100) inhibition can be demonstrated. Results 
and interpretations of many interaction experiments are as yet con- 
flicting, and the full meaning of the phenomena is by no means ap- 
parent. But it seems certain that the retina behaves like a nervous 
center in displaying such variations, and the main word should be one 
of caution against oversimplifying our picture of the eye’s action. 


Sound Energy and the Ear 


The procedure was found useful, in studying the visual process, of 
first becoming acquainted with the characteristics of the stimuli and 
with the anatomical and physiological features of the receptor organ 
before considering the various phenomena of seeing. A similar ap- 
proach to the subject of hearing will prove fruitful. We need to know 
something of the nature of sound energy and of the manner in which 
it affects the tissues of the ear before the phenomena of hearing can 
most profitably be examined. 


The Physical Nature of Sound. If uncertainty exists as to what con- 
ception of light energy is most useful for experimental purposes there 
is none concerning sound energy and its manner of propagation. Sound 
is generated only by vibrating bodies and is transmitted by wave 
motion of a material medium. Air is usually the medium, though 
sound may be conducted by other gases and by liquids and solids. 
Wherever an elastic material exists there are the potentialities for 
sound transmission. Sound will not travel in a vacuum, as is amply 
demonstrated by the bell jar demonstration of elementary physics 
(213), first entirely convincingly performed nearly three centuries ago 
by Robert Boyle. A ringing bell, suspended under a jar, will become 
inaudible when the air of the container is exhausted by a pump. Re- 
admission of air or any other gas permits the renewal of sound trans- 
mission. 

The nature of the conducting medium is not a matter of indifference, 
for the speed with which sound is propagated varies with it. The 
velocity of sound is a function of the density of the medium and its 
elasticity. As compared with that of light, the propagation of sound 
is an extremely slow process. For air at 15° C. the rate is 340 m/sec. 
A convenient figure to keep in mind is the approximate equivalent in 
the English system, 1100 ft/sec. Sound velocity is about four times 
as great as this in water and is again approximately quadrupled when 
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such solids as steel, glass, India rubber, and the hardest woods become 
the medium. It is interesting to note that, whereas the majority of 
sounds we hear are air-borne over the greater portion of their paths, 
the final conduction rate we must deal with in audition is that for the 
liquid filling the inner ear and is thus of the order of about 4500 ft/sec. 

When we speak of the velocity of sound it is, of course, the speed 
of the wavefront that is under consideration, for the individual par- 
ticles of air “conducting” the sound are displaced from their position 
of rest only slightly and describe to and fro movements of constantly 
changing acceleration, longitudinal to the direction of propagation. 
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Fic, 85. Representation of harmonic (sinusoi 
Besides demonstrating that the sine wave 35 


motion, the diagram shows how two such waves m caen 
tude, and phase. From Stevens and Davis, 273. 
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If a sound generator of the simplest sort, such as a tuning fork, is the 
driving force the motion will be harmonic or sinusoidal. Figure 35 is 


à representation of such motion, spread out on à time ps it pos 
Seen to be the projection of uniform circular motion. ropa 
Waves represent points of maximal compression (or, ies exactly, 
Points of maximal increase over normal atmospheric pies), wie 
the troughs are regions of greatest rarefaction of "n: or reduction of 
Pressure, Sound waves thus consist of successive pes variations 
and, in their least complex form, sinusoidal pressure variations. 


Frequency, Amplitude, and Phase. The time required for a complete 
cycle of cl j es to occur is called the period of the wave, and the 
d d is its wavelength. 
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it has not become conventional, as it has with light, to characterize 
Sound waves by their length but rather by the number of cyeles com- 
pleted per unit of time, that is to ap oy rn d Wavelength 
reciprocally. 

and £ : re, of course, related recipr y 

Konek de [se det of importance for human hearing are those 
eben àó et at 000— (cycles) per second. For the good ear this 
T ? 
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wide frequency band represents a region of continuous audibility. 
There are clear evidences that some animals, cats, dogs, bats, and rats 
among them, can hear tones higher in frequency than 20,000~ (so- 
called ultrasonic waves), and frequencies below 20~ are not without 
their effect on the human ear, as we shall see. 

Another way of designating frequency is by reference to the musical 
scale. It is comprised of a range of frequencies extending to nearly 
5000~ in discrete steps, the latter selected partly on esthetic and 
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Fic. 36. Tonal frequency and the musical scale. After Henney, 165. 


partly on practical grounds. The ranges of various orchestral instru- 
ments and the human voice are shown in Fig. 36. It is interesting to 
observe that the lowest frequencies used musically, those generated 
by the largest organ pipes (16—), extend even below the lower limit 
of tonal audibility and must make their contribution to musical enjoy- 
ment by serving as tactual rather than as auditory stimuli. The largest 
grand pianos have a range extending from A = 27.4~ to ce” = 4214~ 
(when pitched to a^ = 439—). Orchestral tones encompass the lowest 
note of the contra bassoon (Bp = 28.8~) and the b”” of the piccolo 
(3951~), but all instruments have overtones, some of which are mu- 
sically effective at least as high as 19,000—. 

Certain positions on the frequency scale have come to be of special 
significance, just as certain spectral points have value for reference. 
Insofar as there can be said to be any universally accepted scientific 
standards of frequency they are 256~ and 1000~, the former for its 
coincidence with “middle C" (the nearest power of 2 to musical c ) 
and the latter for its obvious convenience within the decimal system. 
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The musical standard, a’, has a long history of fluctuation, having been 
subject to the caprice of various artistic and practical demands. Ellis, 
in his remarkable history of musical pitch (164, pp. 493-513) has 
shown that a’ has varied from $73.1 to 567.3~, in different times and 
places and under various influences, the chief of which have been the 
desire for orchestral “brilliance” (high-pitched a^) and the accommo- 
dation of the human voice (lower-pitched a^). Attempts to standard- 
ize a’ include that of the Stuttgart Congress of Physicists in 1834 
(a’ = 440~, so-called “Stuttgart pitch”) and that involving the “diapa- 
son normal” (a’ = 435~), established by French governmental de- 
cree in 1859 and now known as “international pitch." Because that 
tuning fork which is the prototype of the “diapason normal” has been 
calculated to have a frequency of 439— at the usual room temperature 
of 68° F., there has been an attempt to standardize a’ at this frequency, 
despite the numerical inconvenience involved. 

Besides differing in wavelength or frequency, sound waves vary in 
amplitude, the amount of displacement of the vibrating particles in 
either direction from the position of rest. Obviously, amplitude of 
vibration is related to energy. However, the relation is not a simple, 
direct one. Energy is proportional to the product of the squares of 
the amplitude and frequency, or E = ka?f?. Thus sounds of high fre- 
quency possess greater energy than those of equal amplitude but 
lower frequency. - e 

A third feature of the sound wave is its phase, the stage to which 
vibratory motion has advanced from its starting point or position of 
rest. Two tuning forks of the same period, struck simultaneously, will 
move alike at every instant and will be in phase.” If they are struck 
successively, so as to keep their motions always opposed, they are of 
"opposite phase.” Any other relation is an out-of-phase" one. Phase 
differences may be measured in terms of fractions of periods or, more 


OO 
commonly, in phase angles (see Fig. 35). 


Complex Vibrations. Sounds possessing the simple sinusoidal form 
of vibration are actually of quite rare occurrence in nature, just as 
“monochromatic” lights are. Only a few sound generators, such as 
tuning forks and the best electric receivers driven by well-constructed 
oscillators, yield “pure” tones. All musical instruments emit tones hav- 
ing considerable complexity of waveform. It is, in fact, on the basis 
Of differences fn. wave complexity that we are able to distinguish the 
"quality" or timbre of instruments. Fortunately for the science of 
sound, however, complex vibrations are susceptible of exact analysis 
into simple components. Fouriers Theorem, first devised in 1822 in 
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connection with the analysis of heat, states that “a continuous periodic 
motion of any form can always be represented as the composite of a 
series of simple harmonic motions of suitable phases and amplitudes.” 
Such motions have periods related to each other in simple mathe- 
matical ratio—1:2:3:4:5, etc. Whereas Fourier did not apply the 
principle to sound, it turns out that it is sufficiently general to permit 
such application, and the analysis 
holds exactly for even the most 
complex of sound vibrations. Fig- 
" ure 37 shows four simple harmonic 
components of a complex wave. 
The diagram may be viewed either 
FO WO DORI analytically or synthetically, for 
te i simple harmonic motions may be 

| added together to produce wave 
3 forms of any degree of complexity. 
But the relation is more valuable 


ARM in its analytic aspect, for it provides 
2 


the principle on which are based 
ARRA $ various kinds of tone analyzers. 
F : 5 3 These analyzers are composed of a 
Fic. 37. Analysis of a complex wave. í ; 
The irregular curve at the top may  S¢ties of tuned resonators or, in the 
be analyzed into the four regular ones Case of the electric harmonic ana- 
beneath it, each with the relative lyzer, sharply tuned electric cir- 
amplitude given by the number to cuits which respond to the individ- 
the right. Viewed synthetically, the ual components of the wave, re- 
top curve is the resultant of the others : x ; 
acting conjointly. From Beasley, 22. vealing not only what frequencies 
By permission of Harper and Brothers, &@re present but the relative con- 
publishers. tribution of each. It is an interest- 
ing feature of the ear’s action that 
it behaves as though it were such an analyzer, and it is possible for 
the ear to detect, in a complex tone, many of its harmonic constituents. 
This fact, that we hear only pendular vibrations as simple and that all 
degrees of tonal complexity may be resolved into components falling 
in the Fourier series, is known as Ohm’s Acoustic Law. 

The structure of a complex tone, as revealed by the harmonic anal- 
yzer, is illustrated in Fig. 38. Here the record was obtained from a 
piano playing C = 128~ (one octave below middle c). The com- 
ponents of the tone, as shown by its acoustic spectrum, are seen to 
extend over a considerable frequency range. The largest contribution 
is made by the fundamental (128~), and, in general, the higher har- 
monics (overtones) have smaller and smaller magnitudes as the scale 
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of commensurable frequencies is ascended. However, it is notable 
that in this instrument the sixth harmonic (fifth overtone, g” = 768~) 
contributes a little more than half the amplitude of the fundamental. 
Doubtless other keys of the same piano or the same key struck dif- 
ferently would reveal other patterns of harmonics. Almost all other 


stringed instruments show patterns in which the higher harmonics 
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cform produced by a piano playing e = 128—. The 
relative contribution made by cach of the components is shown in the lower chart. 
d ed.), H. Fletcher, Bell Telephone Laboratories, 


From Speech and hearing (rev i 
Inc., copyright 1952, D. Van Nostrand Company, Inc. 
lis yrig » 


Fic. 38. The elaborate wav 


ly greater contributions. Individual instruments vary, 
b e a y ) 

ft of emphasis in the components of the acoustic 
the difference between a Stradivarius and a run- 


make relative 
and only a small shi 
spectrum may make 
of-the-mine fiddle. 


‘Tones and Noises: Speech Sounds. Thus far we have been dealing 
With sustained tones, those having waves repetitive in form and fre- 
quency and, for appreciable intervals, unvarying in amplitude. Our 
ears are also assailed by à variety of other sounds, however—sounds 
chiefly notable for their lack of sustained frequency and commonly 
classed as noise. A sharp line of demarcation between tones and noises 
is difficult to draw because noises, like tones, are also comprised of a 
large series of components and are thus susceptible of similar analysis. 
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Moreover, most tone generators produce some noise, especially at the 
moment of being set into operation. Drop a piece of hardwood on a 
concrete floor, and it may be difficult to judge whether the resulting 
sound is predominantly noise or tone. It is not entirely facetious to 
suggest that such a device is, in fact, a musical instrument in embryo— 


100 ——' 
o oe 
was ur i a 
TL HS SEMEN 
ST m 
r e 
ng! dale p 
- Cus: 
90 
ch $h 
3 n 
E m n ch 
c J m t 
£ Ira im 
3 hd | IE d 
S n 
v» b h k 
z p 
80 4 = j= 
v ia zl : 
vf 
=i en th 
th 
70 — | 
100 200 400 800 1600 3200 6400 12,800 
Frequency 
Fic. 39. Frequency and intensity characteristics of the fundamental speech 
sounds. 


Those elements having more than one principal component appear in 
two or three different positions on the chart. From Speech and hearing (revised 
ed.), H. Fletcher, Bell Telephone Laboratories, Inc., copyright 1952, D. Van 
Nostrand Company, Inc. 


witness the xylophone and marimba. 


strengthening the tonal components throw the balance in the direction 
of sustained patterns of sound. Other percussion instruments similarly 
have much of the noise character about them. 

Not only have noises a gre 
them, but the components ar 
Whereas the sound energy re 


In these instruments resonators 


ater conglomeration of frequencies in 
€ likely to extend over a wider range. 
presented in the orchestral rendition of 
à symphony may vary by a ratio of as much as 100,000 to 1, the 
moment-to-moment variation in the sound of 


an explosion may be 
many times this. 
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Speech sounds partake of the characteristics of both tones and 
noises, showing relatively sustained patterns at times and transient 
irregular waves at others. The characteristic powers (“sensation 
levels,” defined below) and fundamental frequencies of various speech 
sounds are presented graphically in Fig. 39, taken from the Bell Tele- 
phone Laboratory studies. It will be noted that certain speech sounds 
appear at several positions on the chart; these have more than one 
principal frequency component. If the energy distribution throughout 
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Averages of somewhat protracted god x 
the known differences in momentary speech patterns. From Licklider and Miller, 
202. 


100 


the range of audibility is measured for some representative samples of 
continuous speech, and the resulting values are then averaged, there 
are obtained curves of the kind shown in Fig. 40. The greater part of 
the speech energy lies in the lower frequencies, below 1000~, whether 


the speakers are men or women (202). 


Interference and Reinforcement. Much of what has been said about 
the behavior of sound waves is true only when the vibrations are 
traveling in free space. Most laboratory conditions introduce com- 
plications in the control of sound. Walls, ceilings, and articles of fur- 
niture provide surfaces which may reflect waves These return to 
interfere with the outgoing train and tend thus either to cancel or 
augment them. Smooth walls are excellent reflectors of sound, and 
even rough ones, if their irregularities are smaller than the length of 
the sound wave impinging upon them, behave in this respect as if 
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they were perfectly smooth. It does not do to enclose the sound in 
tubes, for the opportunities for interference are then augmented. A 
steady tone released in a room sets up quite promptly an intricate 
pattern of advancing and returning waves which produce local in- 
tensifications and diminutions called standing waves. In small en- 
closed spaces these come to be of extreme importance and, as might 
be expected, are of common occurrence in musical instruments and 
other tone generators employing vibrating air columns. It is because 
interference effects are so intricate and incalculable that their makers 
use almost entirely empirical knowledge in the construction of flutes, 
organ pipes, and similar instruments, no trustworthy theoretical for- 
mulae having been evolved. 

The immediate consequence of these considerations is that it does 
not suffice, for experimental purposes, to measure the characteristics 
of a sound generator at the source and assume that they will therefore 
be known at the ear. Through reinforcement a sound several feet in 


front of a loud speaker may be more intense than at the instrument 
itself. 


Of late years, to be sure, there has been an upsurge in acoustical 
engineering knowledge, and we appear to have emerged successfully 
from the age of half-developed ideas when auditoriums were strung 
with fine wires to “break up” the sound (actually, their effect was 
negligible) and have begun to use some fairly efficient sound-absorb- 
ing materials to reduce reflection. Absorption, changing the rhythmic 
motions of sound waves into the random motions of heat, is accom- 
plished best by porous materials like sheets of compressed vegetable 
fiber and acoustical plasters. It appears not to be possible ever to 
produce complete absorption, and there is little likelihood that rooms 
will ever be prepared in such a way as to permit their simulating the 
acoustical properties of free space. 


Sound Intensity. There are sever 


al ways of specifying sound in- 
tensity, just as a number of alternatives present themselves in the 
measurement of light intensity. The basic concept for sound is that 
of pressure variation. We have seen that motions of the vibrating 
particle are the result of alternate increases and decreases of atmos- 
pheric pressure. Maximum pressure is realized at the crest of the 
wave, minimum pressure at the trough. If we were to take a simple 
average of all pressures throughout the period of the wave we should, 
of course, arrive simply at the value for atmospheric pressure and 
should have no indication that energy is being expended in the wave, 
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since there is as much compression as rarefaction of air in the course 
of the cycle of changes. The difficulty is obviated by taking a root 
mean square (r.m.s.) value of the pressure variations. The calculation 


is made in accordance with the formula: 


2 


V(p — po)”, 


and p is the pressure at the 


2 

r.m.s. pressure (dynes/cm?) = 
where po is normal atmospheric pressure 
t in either direction (crest or trough). 


point of maximum displacemen 
usoidal waves, the r.m.s. pressure is 


A short expression is that, for sin 
equal to the pressure amplitude divided 
It is natural that our fundamental unit 


by V 3, 
of intensity should be one 
nce most practical intensity-measuring devices, 
ve responses directly proportional to r.m.s. 
pressure of the waves actu These can be calibrated against 
standard pressures and used as direct-reading instruments. But cur- 
rent practice, growing out of the more or less complete electrification 
of sound equipment, has dictated that another way of specifying in- 
tensity will be preferred. At the present time a newer unit, the decibel, 
has fairly well usurped the field. 
The decibel is defined as 149 the common logarithm of the ratio 
s, the one being measured and some other stand- 
Since pressure and energy are re- 
also be defined as Yo the 


of pressure variation, sit 
such as microphones, ha 
ating them. 


between two energie 
ard energy or reference intensity. 
lated by the square law, the decibel may à 
common logarithm of the ratio between two pressures. Stated as a 
formula, where N equals the number of decibels: 


N = 10 log Ei/E» = 20 log pi/P2 


E, and E; are the two energies in question, and p; and pz the pres- 
sures, One reference intensity (E: or pz) frequently used, because it 
is the threshold of hearing—the least energy 
an auditory sensation. Since this point may be 
nother reference intensity has been agreed upon 
easurements. This is an intensity represented 
it corresponds to a r.m.s. pressure of 


is especially meaningful, 
necessary to produce 
somewhat unstable, à 
for exact acoustical m 
by a power of 10° watt/em*s 
approximately 0.0002 dyne/em* in 
air. The two commonly used referen 
The average threshold of hearing for a 1000— tone is very close to 
the phys cl reference intensity of 0.0002 dyne/cm*?. 

The physical intensity of sound may be stated either in terms of 
intensity level or sensation level. In both cases the unit of measure- 


a 


a plane progressive sound wave in 
ce intensities are not far apart. 
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ment is the decibel. The difference between the two lies in the refer- 
ence intensity used, intensity level being referable to a “zero” of 0.0002 
dyne/cm? and sensation level calling for the absolute threshold as the 
point of zero decibels. Figure 41 will be of aid in giving concrete 
meaning to the decibel; the scale shown is one of sensation level, as 
the definition of zero reveals. 
The device most commonly employed in making sound-intensity 
measurements is a microphone for which a pressure calibration, i.e., 
the relation between current generated 
130 —T- Painful sound and pressure on the diaphragm, has 
Loud:tiunderts120 been obtained for all frequencies to be 
measured. Since, in the calibration 
process, the introduction of a micro- 
phone to the sound field is likely to dis- 
tort appreciably the sound waves com- 
prising it (microphones cannot be 


110 Twin - engine airplane 
Subway train 100 
90 City bus 
Noisy auto 80 


70 —|- Average auto made infinitely small!), it is necessary 
Pun) on + 60 to take one additional step. This makes 
50 use of a clever device invented by Lord 
Quiet fice -L- ag Rayleigh and known as the Rayleigh 
disc. It consists of a very light plate 
x Whisper which will not appreciably alter a sound 

|- 20 


field in which it is suspended and which 


10-]- will tend to orient itself at right angles 
sce O Reference level to the direction of propagation of the 
quiet waves flowing past it. The relation be- 


Fic. 4l. The decibel scale in tween the turning moment of the 
terms of some familiar sounds. disc and the velocity of the air particles 
From Chapanis, Garner, and may be worked out and the device used 

Morgan, 57. as a primary standard against which to 


calibrate a microphone. This so-called 
"field calibration" of the microphone then permits its use as a sec- 


ondary standard, provided due consideration is given to the direction 
in which the microphone diaphragm is oriented with respect to the 
source of an unknown sound to be measured. 
However, measurements of the type described in the foregoing para- 
graphs are concerned with “ultimates.” As has been previously sug- 
gested, most modern systems for sound production are electrical, and 
working standards of intensity are likely to be provided within the 
control networks of oscillators, resistance boxes, and potentiometers 
Which are already calibrated in decibel units. As with illumination 
measurements, it is rarely necessary to refer to primary standards, 
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Anatomy of the Ear. The mechanism for hearing is divisible 
anatomically, into three parts: the external ear, the middle ear, and 
the inner ear. Functionally, we may think of the external and middle 
divisions as a system for collecting and transmitting sounds, by air 
and bone conduction, to the inner ear where are situated within a 
fluid medium the sensitive endings of the eighth cranial, or auditory, 


nerve, 
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Fic. 42. Gross Eaton. of the ear. A semischematic drawing showing the main 
Path of sound. Vibrations entering the external auditory canal first affect the 
eardrum. Oscillations of the drum are transmitted through the middle ear chiefly 
by bone conduction over the chain of ossicles: malleus, incus, and stapes. The 

c fluid of the cochlea, in which the 


foot of the stapes carries the vibrations to th a, in 
hair-like endings of the auditory nerve are immersed. After Davis, 76. By per- 


mission of Rinehart Books, Inc., copyright 1947. 


The gross structure of the ear is shown in Fig. 42. The pinna serves 
to funnel sounds striking it into the external auditory canal, a tube 
7 mm in diameter and about an inch in length. At the terminus of 
the canal is the eardrum, oF tympanic membrane. The latter divides 
the external from the middle ear. The drum serves very much the 
same function as does the diaphragm of a microphone, not vibrating 
With a period of its own but forced into oscillation by any and all 
frequencies of sound impinging upon it. From this point to the ter- 

s may be conducted: (1) by 


minations of the auditory nerve vibration ral 
air conduction through the cavity of the middle ear to the round 


window in the temporal bone, (2) by bone condueton through the 
walls of the middle ear cavity to the cochlea, and (3) by direct mechan- 
ical transmission through the chain of ossicles (hammer, anvil, and 
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stirrup) to the oval window, thence by way of the cochlear fluid to 
the nerve endings. It is by the last route that conduction is mainly 
effected. The hammer (malleus) is securely attached to the tympanic 
membrane and vibrates with it. The three 
ossicles, tied together by ligaments, form a 
remarkable lever system, reducing the extent 
of the excursions initiated at the drum but 
preserving in large measure the “thrust” so 
that the stirrup (stapes), driven back and 
Hj Pivot forth in the oval window, moves with an 
amplitude somewhat less than that of the 
drum but exerts a correspondingly increased 
pressure on the fluid of the cochlea. Since 
the drum (average area of 66 mm?) is about 
20 times larger than the foot of the stapes 
(area of footplate, 3.2 mm?) and the ossicles 
are pivoted in such a fashion as to provide a 
small mechanical advantage, there is concen- 
trated on the oval window a very considerable 
pressure, per unit of area about 25 to 30 times 
as great as that found at the drum. Some 
such “impedance matching” is nec ssary in 
going from an air to a hydraulic conduction 
Vi system if efficiency of transmission is to be 
Fic. 43. The cardrum’s preserved. 
mode of action. The en- The manner in which the tympanic mem- 
tire drum moves as a brane responds to vibratory pressures imposed 
unit at low frequencies on it is revealed by Fig. 43, taken from the 
of vibration. The pivotal . š = ms ? 
point is at the head of igenious work of von Békésy (30). Much 
the hammer. A fold at Of the upper portion of the drum, being at- 
the lower edge of the tached to the handle of the malleus, vibrates 
drum permits this wuni- as a unit. The axis of rotation is near the 
tary action. From von hammers head. The lower part of the drum 
Békésy and Rosenblith, = i x ; 
30. has a tissue fold which, like the crimped edge 
of a loud-speaker cone, permits relatively 
large excursions to take place. Up to a frequency of about 2400— 
the drum vibrates as a rigid system, like a plate; above this point on 
the vibratory pattern gets complicated and the 
drum responds in segments. 
The drum and ossicular chain, 
keep them in place, form a ph 
all such arrangements 


the frequency scale 


together with the attachments that 
ysical transmission system which, like 
, is bound to respond more favorably to some 
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vibration frequencies than to others. The middle ear system, taken 
as a whole, has a “natural period.” This has been determined by 
cementing a tiny chip of mirror to the malleus, reflecting a light beam 
from it, and setting the system into momentary action by imparting 
the sound of a click to the eardrum (30, p. 1084). The natural fre- 
quency revealed by such an optical lever turns out to be in the neigh- 


borhood of 1300—. The same experiment tells one about the damping 
characteristics of the middle ear. The system proves to be highly 
damped, i.e., comes promptly to an equilibrium with the forces acting 
on it. This permits the middle ear to be a relatively faithful conductor 


of all manner of tones and noises, however rapidly their wave shapes 


may change. 
Two other features of the middle ear should be noted. The 


Eustachian tube, running from the middle ear cavity to the throat, 
serves as à pressure-equalizing device. Normally closed, it opens dur- 
ing swallowing and permits air interchanges that keep pressure on 
the two sides of the tympanic membrane equal. If this were not the 
case the drum might be painfully bulged or retracted as, indeed, hap- 
jid blocks the Eustachian tube and the drum is 
subjected to extreme atmospheric pressure variations. Anyone who 
has traveled by plane under such circumstances is vividly aware of 
the consequences. The other feature of middle ear anatomy concerns 


the intra-aural muscles, the tensor tympani and the stapedius. The 
former is attached to the malleus and by its contraction places the 
drum under greater tension, 


drawing it inward so that its shape is 
somewhat conical and concave 


to the external auditory canal. The 
stapedius, the action of which is opposed to that of the tensor tympani, 
is attached to the stapes. When contracted it changes the articulation 
between the foot of the stirrup 


and the oval window. When both 
muscles contract together, as they normally do, there result more inti- 
es and more favor 


pens when a head co 


mate operation of the ossicl able response to high 
for believing that the two muscles, acting 


tones, There is good reason a 

jointly, have an essentially protective function, by reflex contraction 

reducing possible damaging effects of loud low-pitched sounds by 
= = H H . 

shifting the response characteristic of the conduction system towards 


the higher frequencies. d. 
Another protective device, demonstrated by von Békésy (30, pp. 
1085-1086), consists in a change in the mode of vibration of the stapes 
sound. The relation of the footplate of 


in the presence of a very loud 

the stirrup to the oval window is such that, normally, the stirrup moves 
about a vertical axis and, in a somewhat hinge-like action, compresses 
the fluid of the cochlea. When overdriven, however, its vibratory 
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pattern changes to one in which most of the motion of the footplate 
takes place around an axis at 90 degrees to the former one and the 
large amplitudes brought to the stapes by the malleus and incus are 
harmlessly expended in rotary motion. 

The portion of the auditory mechanism constituting the inner ear 
begins at the oval window (foot of the stapes) and terminates, as a 
sound transmission system, at the round window. It occupies a com- 
plex cavity, appropriately named the bony labyrinth, in the temporal 
bone (see Fig. 44). Whereas there are three major divisions of the 
labyrinth, the vestibule, the cochlea, and the semicircular canals, the 
last-named structures need not complicate our thinking at this point, 
for they are not at all concerned with hearing. At one time it was 
supposed that they were; it is now known that they are exclusively 
concerned with another class of events, those involved in the mainte- 
nance of body equilibrium. Fitting loosely into the bony cavity of the 
labyrinth and surrounded by a watery fluid, the perilymph, is a series 
of sacs, collectively called the membranous labyrinth. All interconnect 
and are filled with the same fairly viscous fluid, the endolymph. That 
portion of the membranous labyrinth situated in the bony cochlea and 
following its spiral form is known as the cochlear duct. In it are 
located all the specialized tissues most intimately concerned with the 
initiation of impulses in the fibers of the auditory nerve. 

Early in embryonic life the cochlea appears as a straight tube, with- 
out the coiled “snail-shell” appearance characteristic of full develop- 
ment. About the second month of uterine life the cochlea begins to 
coil on itself and continues the process until somewhat more than 214 
turns (left to right in the right cochlea and the reverse in the left) 
have been completed. The cochlea is divided longitudinally by a 
combination of bony shelf (spiral osseous lamina), which extends 


partway toward the outer wall, and the basilar membrane, which com- 


pletes the division and upon which are situated the highly specialized 
endings of the auditory nerve. 


These lie along the inner edge of the 
basilar membrane and in contact with epithelial hair cells, collectively 
known as the organ of Corti. Movement of these structures is thought 
to be the device whereby impulses are generated in the fibers of the 
auditory nerve. 

The spiral lamina and basilar membrane effectively divide the 
cochlea into two main chambers, the scala vestibuli above and the 
scala tympani below. Both contain perilymph. The oval window, 
with stapes hinged in it, lies at the base of the upper chamber; the 
at the lower termination of the 


scala tympani. Communication between the two is effected by a tiny 
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opening at the apex of the cochlea, the helicotrema. This is scarcely 
larger than a pinhole, being but 0.25 mm? in area. Of course, pres- 
sure communication between the two chambers can also be brought 
about through the basilar membrane itself since, though it is a tough, 
fibrous structure, it is a flexible one. A further anatomical subdivision 
is effected by Reissners membrane, a delicate structure running from 
the spiral lamina to the outer wall of the cochlea and forming an angle 
with the basilar membrane. The area thus enclosed is the scala media 
(cochlear duct). Still another membrane is to be found in the cochlear 
duct, the tectorial membrane. It is attached to the bony shelf just 
below Reissner’s membrane but, unlike the latter, does not extend 
entirely across the cochlear canal. The outer edge apparently floats 
freely in the endolymph. The function of the tectorial membrane is 
not known. Some have guessed that it strikes the hair cells during 
vibratory motions of the basilar membrane and that the essential mode 
of stimulation of the auditory endings is tactile. The tectorial mem- 
brane certainly occupies a position favorable to such an operation. 
Whereas the bony cochlea necessarily becomes smaller and smaller 
in cross-section area as the apex is approached, the basilar membrane, 
interestingly enough, becomes progressively wider. At the vestibular 
end it is about 0.16 mm wide; near the helicotrema it has broadened 
to 0.52 mm. The hair cells, of which there are about 23,500, accord- 
ing to the best counts, also vary in length from base to apex. At the 
vestibular end they are of the order of 0.05 mm long, while at the 
apical end they are 0.085 to 0.1 mm in length. They are spaced quite 
evenly along the basilar membrane, though not in a single row. About 
3500 of them are situated quite close to the membrane's point of at- 
tachment to the bony shelf (inner hair cells); the remainder (outer 
hair cells), several of which appear in a single cross section of the 
cochlear duct, lie further out on the basilar membrane. All hair cells 


have tiny cilia, or filaments, which extend into the endolymph of the 
cochlear duct. 


Auditory Nerve Pathways. Nerve fibers, from both the inner and 
outer hair cells, pass under the spiral lamina and enter the bony central 
axis of the cochlea, the modiolus. Here they assemble to form the 
spiral ganglion of Corti, the beginning of the auditory branch of the 
eighth cranial nerve. Each of the inner hair cells is supplied with one 
or two nerve endings, and each nerve fiber connects with one or two 
hair cells. The outer hair cells are differently innervated. Here a 
single fiber may connect with many hair cells, and a particular outer 
hair cell may be supplied by many nerve endings. There are at least 
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25,000 ganglion cells in the twisting and woven auditory nerve of the 
modiolus, more at the level of the basal and middle turns than near 
the apex. 

Upon leaving the base of the cochlea the auditory nerve enters the 
medulla of the brain. This organ lies immediately adjacent; in fact, 
it is only 5 mm away in the human. Here the majority of fibers con- 
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Fic. 45. Corti s ical responses after cochlear stimulation. The data 
n 45. ortic: z sJectrica respons i : 
Cortical loci of e ction of auditory fibers in the 


9f Woolsey and Walzl (324) on the cortical proje auc 
cat are summarized. The led region is the primary projection area, the cross- 


hatched region the seconda The numbers in the little circles stand for stimulus 
locations expressed as distances in millimeters from the iem c of the cochlea. 
By permission of the Johns Hopkins Press and the authors. 


nect with others which cross to the contralateral side and ascend by 
Way of the lateral lemniscus to the medial geniculate body of the 


thalamus, Radiating fibers from the geniculate body spread, fan-like, 
tothe: cortex:of the temporal lobe of the cerebrum. A chain of four 
herve cells is involved in this devious path from the cochlea to the 


Cortex, A A ETE . Y 

The region of the cortex concerned with final Ds of auditory 
impulses has been located with some precision. ; Bey iis bs have 
Proved successful. One of the best; that used. by Woolsey and Walzl 
(324). consists in clectrically stimulating eds Depe on the 
Spiral lamina of the cochlea and recording the resulting potentials 
Created at the surface of the cortex. With a cat under deep enough 
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general anesthesia to suppress the spontaneous brain rhythms nor- 
mally present, it is still possible to record well-localized cortical wave- 
lets generated by peripheral shocks. F. igure 45 shows the loci of the 
strongest responses, the numbers in the circles revealing stimulus lo- 
cations in millimeters up from the basal end of the cochlea. The pri- 
mary projection area (shaded) occupies an extensive portion of the 
superior temporal convolution. Much of it lies deep in the fissure of 
Sylvius. There is also a secondary area (cross-hatched), which re- 
ceives fibers from a separate region of the medial geniculate body. 

It is still a moot point as to whether there is preserved any neat 
geometrical arrangement in the complex pathways leading from the 
basilar membrane to the auditory cortex, and there are many uncer- 
tainties about the mode of operation of some of the relay stations en 
route. This much is certain, however; each cochlea is represented 
bilaterally in the brain. There are many evidences, anatomical and 
physiological, that the "projections" of the two ears become completely 
intermingled in the higher centers. Removal of one cerebral hemi- 
Sphere of a dog reduces acuity hardly appreciably (210). Further 
removal of the nervous connections, by interruption of the fibers as- 
cending the lateral lemniscus, results in a loss in acuity of about 10 
decibels, but it is a matter of no consequence whether crossed or un- 
crossed tracts, i.e., those leading from the contralateral or the homo- 
lateral cochlea, are destroyed. The same loss follows either interrup- 
tion. Apparently the two sets of ascending fibers are of equal value 
in conducting impulses to the auditory cortex. Recordings of elec- 
trical responses, taken from various levels of the auditory tract, also 
show that each cochlea is represented in both halves of the brain. In 
fact, somewhat Stronger cortical responses result from contralateral 
than from homolateral cochlear stimulation (287). 

The physical characteristics of auditory stimuli and the mechanisms 
for their reception having now been reviewed, we are in a stronger 
position to examine the phenomena of hearing. At least we may feel 
some confidence that our interpretations of the phenomena will be 


sata in that they are aligned with the known physical and biological 
acts. 
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have already had occasion, in con- 
d measurements (Chap. 6), 
nsitive threshold of hearing. 


_ The Intensitive Threshold. We 
sidering the “reference intensity” for soun 
to pay some attention to the absolute inte 
It will be recalled that “sensation level” is expressed in decibels above 
that threshold. It remains to ascertain how the threshold value is 


determined and upon what variables it depends. 
Intensitive thresholds may be measured either in terms of minimum 


audible pressure on the tympanic membrane or intensity of the mini- 
mum audible sound field in which an observer is placed. The values 
obtained by the two methods characteristically differ, and it becomes 
necessary, in stating the value of the absolute threshold, to specify by 
What method the result was derived. 
In determining the least pressure on the drum necessary to arouse 
an auditory sensation a sound generator, typically an earphone, is held 
tightly to the ear, thus enclosing in the external auditory canal a known 
agm of the phone being 


Volume of air. The excursions of the diaphr 
determined, either optically or by the known electrical response char- 
> 


acteristics of the phone, it is then possible to compute with some ac- 
curacy the air pressure exerted on the drum. An alternate device is 
to make use of a “search tube,” an air conductor held very close to 
the drum, the pressure variations in the end of the tube being regarded 
as identical with those impinging On the drum. In either case the 
Pressure variations are reduced to the point where the sound becomes 
Just audible (strictly speaking, half of the time just audible, half in- 
audible), and the pressure is calculated. The ear is so highly sensitive, 
l.e., it will respond to such small pressure variations, that there istid: 

nown method whereby direct physical measurement of minimum au- 

ible pressures can be made. Itis necessary, therefore, to calibrate 
the sound generator employed at intensities ee above threshold and 
extrapolate downwards. This may be done if the response character- 


istics of the generator are intimately known. 
118 
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In measuring thresholds by the “minimum audible field” method 
there is established a field of sound in “free space” (no disturbing 
reflected waves), and the effective pressures at a given point in it 
are determined. An observer is then introduced to the field, his head 
is placed in the measured area (conventionally, facing the sound), and 
the intensity is reduced to threshold level. Stimulation may be either 
monaural or binaural. In the stimulation of two ears the threshold is 
likely to be lower than for one, though not all results unequivocally 
support this statement. 
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Fic. 46. Auditory threshold as a function of frequency. M.A.P. stands for “mini- 
mum audible pressure,” M.A.F. for “minimum audible field." After Sivian and 
White, 260. Courtesy of the editor, Journal of the Acoustical Society of America, 


Figure 46, which combines the results from several investigations, 
shows the size of the threshold (both “minimum audible pressure” 
and “minimum audible field” measurements) as a function of fre- 
quency. Threshold pressure values have been reported in decibels 
below a reference point of 1 dyne/em*. On such a scale the standard 
“reference intensity” (indicated by the arrow) has a value of —73.8 db. 
It is seen from the curves that maximum sensitivity is re: 


alized in the 
region of 2000—4000— and that thresholds are higher in both directions 


from this region. Thresholds at frequencies below those represented 
are higher still, being of the order of —20 db on the same pressure 
scale for frequencies around 20—, the lower limit of frequency 
recognition. 

To pressures of the magnitude involved in threshold 


responses the 
tympanic membrane responds with extremely small e 


xcursions. A 
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direct determination of this has been made by Wilska (314), using 
an ingenious technique. He cemented to the eardrum a light wooden 
shaft, the other end being attached to a loud-speaker coil. At ampli- 
tudes of vibration just arousing tonal sensations the excursions of the 
rod were measured with a microscope. Whereas such direct measure- 
ments could be made only at relatively low frequencies, it was possible 
to calculate threshold amplitudes for all others in the hearing range. 
Wilska’s data reveal that, for frequencies in the neighborhood of 3000—, 
the threshold amplitude is of the order of 10-? cm, a value consider- 
ably less than that of the wavelength of light. Speculation as to what 
must be transpiring in the cochlea in response to such slight move- 
ments leads to the conclusion (278, p. 56) that the basilar membrane 
g auditory sensations with movements 


must be capable of initiating 
smaller in extent than 1% of the diameter of a hydrogen molecule! 


Audiometry. The measurement of intensitive thresholds throughout 
the range of audible frequencies provides, of course, a means of assess- 
sensitivity and of detecting any significant hearing loss. 
cen a large development of testing instruments, 
known as audiometers, which make possible standardized threshold de- 
terminations. Most commercial audiometers are of electronic design 
and consist of audiofrequency oscillators arranged to generate eight or 
more fixed frequencies, usually the octaves of C from 64— to 8192~. 
The output of the oscillator to a phone, which is held against the ear 
of the examinee, is calibrated in "sensation units" (decibels), the zero 
of the scale being representative of the average threshold for the 
The amount, in decibels, which the tone must be increased 
above zero to render the tone audible is a direct measure of “hearing 
loss” for that frequency. A graph connecting the threshold values 
thus derived constitutes the so-called audiogram. 

In the sample audiogram shown in Fig. 47 the broken line labeled 
“Total Loss of Serviceable Hearing” is of interest. This line marks 
the position, throughout the hearing range, of the so-called “threshold 
of feeling,” the point at which tactile receptors in the tissues of the ear 
(probably chiefly the middle ear) respond with clear sensations. 
Whenever a tone is made sufficiently intense there is this tactual com- 

felt chiefly as a vibratory pressure sensa- 


plication, at low frequencies 
tion, at high frequencies experienced as an itching, pricking, or “burn- 


ing" feeling. For all practical purposes the threshold of feeling may 
be taken as the upper limit of audibility for, whereas it is probably 
true that the hearing mechanism could continue to operate with some 
fidelity at still higher intensities, the risk of tissue damage is too great 


ing auditory 
There has therefore b 


"good" ear. 
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to warrant experimental investigations in these ranges. The area, on 
the audiogram, between “zero loss” (normal thresholds) and the 
broken line (feeling thresholds) may be taken as the effective audi- 
tory area. 

A convenient way of expressing hearing losses as percentages is 
provided by the audiogram, since the proportionate loss at any fre- 
quency may be related to "total" loss as defined by the feeling threshold. 
Thus, in Curve D of Fig. 47, the loss at 1024— is only about 7.5% (7.5% 
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Fic. 47. Two audiograms. Curve D represents a case of normal hearing except 

for a well-defined tonal gap in the region of C5, 4096~. Curve E shows a tonal 

island extending over four octaves, 128— to 1024~. From Wever after Guild, 
Crowe, Bunch, and Polvogt (134). 


of the distance from the line of normal hearing to the curve of total 
loss), whereas at 4096~ it is nearly 40%. The losses at 128~ and 
1024~, shown on Curve E, are both about 57% by this method of 
reckoning, 

Large-scale audiometric surveys have been made in an effort to 
establish the picture of normal hearing characteristics in the general 
population and to ascertain the nature of age and sex differences. In 
the course of making the National Health Survey, conducted in 1935- 
1936, there were measured 4662 people all of whom had had a clinical 
history of normal hearing (23). They ranged in age from under 10 
to over 60 years. Clear trends were present in the results: (1) In 
males, advancing age has no deteriorating effect on tonal reception for 
frequencies below 1000~, (2) Large and significant losses for high 
tones occur with increasing age. This is especially the case for the 
highest tones measured (4096~ and 8192—). The average loss for 


Intensity Discrimination 117 


men 60 years and over, for these two frequencies, was 81 db. (8) At 
all age levels females show somewhat more loss for low-frequency 
tones (below 2000~) but considerably less for tones of high fre- 
quency. The sex difference is a very real one; aged women do not 
normally suffer partial high-tone deafness to as great a degree as do 


aged men. 


vision we confronted the problem of 
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to 80 db, and for a wide range of frequencies are 


dinates on the right gives the magnitude of AI to the 


left ordinates, AI/I. 


different intensities, from 5 
Plotted. Reference to the or 


ng way with changes in intensity. In 


an interesti > 
alogous problem. Given an initial 


fraction to vary in 


audition we encounter à strictly an: ) e 
intensity, Z, how much must the energy of the stimulus be increased to 
>d, 


Produce a just noticeable difference, ie. what is the size of AI? A 
number of determinations have been made, and several variables in- 

uencing the magnitude of AI have been discovered to exist. It makes 
à difference whether the starting point Is low or high on the intensity 
Seale, at what frequency the measurement is made, whether one or 

oth ears are stimulated, what the durations of the tonal exposures are 
and whether or not they are separated by a silent interval, whether 
there is an abrupt or à gradual transition between the two tones to be 


Compared, and whether the observer making the judgments has the 
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exposure sequence under his own control so as to be maximally “set” 
for change when it occurs. Many of these experimental variables 
were not encountered in vision. The ear is not es; 
organ, as the eye is, and comparison of two intensities simultaneously 
present is not possible. Successive presentations, which must neces- 
sarily be resorted to, introduce complications. 

The classic data on AI/I are those of Riesz 
production of “transients,” unwanted additional 
evitably involved in presenting successively two discrete tones, he 
made his measurements by the “beat” method, two tones 3~ apart 
being allowed to sound together. This produced alternate intensifi- 
cation and diminutions (3 per second) of what Was experienced as 
a single tone. From the energies present at the threshold of the beat- 
ing complex he arrived at the values presented in the curves of Fig. 
48. The size of AI (and of AI/I) is seen to be minimal, i.e., differential 
sensitivity is greatest, in the region of 2500—. Thus it appears that 
the frequency range in which greatest absolute sensitivity occurs is 


also that to which the car responds differentially with the gre: 
efficiency. 


sentially a “spatial” 


(247). To avoid the 
sounds which are in- 


atest 


The effect of the other major variable, intensity, may be observed by 
comparing the relative sizes of AT in the seven curves, each represen- 
tative of a different intensity (sensation level). Far from being a 
constant, as demanded by Weber’s Law, AI/I varies roughly between 
the limits of 12, (2500— at 100 db) and 7.5 (35— at 5 db). 


Frequency Recognition. The limits of tonal recognition have al- 
ready been stated to be 20— to 20,000— for the "good" (and young) 
human ear. These are the approximate limits, Apparently the re- 
sponse system of the ear cannot follow disturbances im 


posed upon it 
with frequencies higher than about 20,000~; possibly the mass of the 
ossicles is too great to be oy 


ercome and thus permit threshold energy 
to be delivered to the cochlea at vibration rates higher than this. The 
lower limit is not so simply dismissed. If a pure-tone generator is 
set in operation at the very low frequency of 5~ and is raised pro- 
gressively in vibration rate there are heard, in succession: (1) a 
“chugging” sound (discrete noises, having prominent high-frequency 
components); (2) an intermittent flutter; (3) a “thrusting effect” (re- 
sembling *piston slap" but complicated at one point in the cycle by 
high-frequency sound "very like the escape of steam from a jet”); and 
(4) a “rumbling” tonal effect. In one of the best controlled experi- 


ments designed to analyze these phenomena, that of Wever 


and 
Bray (311), the tonal character entered at 20~ 


, for some Observers, 


——— 
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and was present for all at 25~ with intensities above 15-20 db. The 

lower limit of tonal recognition depends upon the intensity of the 
tonal stimulus. If intensity is kept down to 10 db nothing at all will 
be heard below 20~; then noises make their entrance, and a tonal 
character is not present until a frequency of about 60~ is reached. 
Other experiments have placed the lower limit for tone at 18~ (29, 
48), and one of these, that of von Békésy, found “pitch” discrimination 
to be possible all the way down to 1~, even though fused tones were 
no longer present below 18—. The great difficulty in establishing the 
point where tone replaces flutter results from the fact that the trans- 
mission system of the middle ear and cochlea responds to even pure 
sinusoidal waves with a complex spectrum of vibrations. Harmonics 
thus introduced may serve as the basis of frequency recognition and 
give a misleading result. 

The range of vibrations from 20~ to 20,000~ is not infrequently 
interrupted by the presence of a tonal gap, a local region of relative 
insensitivity. Such a gap may show up in an audiometric test; one 
such occurrence is illustrated in Curve D of Fig. 47. Ordinarily a tonal 
gap is of no practical consequence to its possessor, unless it is the 
forerunner of an expanding area of deafness, since pure tones of the 
limited frequencies that would fall in it are encountered only under 
Special testing conditions. For some reason, as yet undetermined, 
tonal gaps occur much less frequently among women than among 
men, It will be recalled that audiometric data reveal other clear sex 
differences. "Y 

There also occurs, though quite infrequently, another restriction of 
the range of frequency recognition. This is the tonal island, which, 
às the name implies, consists in the preservation of a reduced range of 
audible frequencies with deafness for tones higher and lower on the 
scale, Curve E in Fig. 47 illustrates this anomaly. In this particular 
instance the tones retained have also undergone reduction of sensi- 


tivity, 


Differential Frequency Discrimination. If we begin at the lowest 
frequency audible as a tone and ascend the frequency scale it is pos- 
sible to measure the size of successive Af's and, from such measure- 
ments, to determine the differential frequency discrimination of the 
auditory apparatus, Af/f. As with AI/I, certain difficulties present 
themselves. If discrete, successive tones are compared there is en- 
countered the annoying problem of transients, additional harmonics 
and noises that accompany any abrupt initiation, termination, or 
change in tone production. If a gradual transition from one fre- 
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quency to another is resorted to there may be an artificial augmenta- 
tion of Af, for it has long been known that continuous changes are less 
noticeable than abrupt ones. The lesser of the two evils would seem 
to be to keep the stimuli relatively pure by employing a “sliding” 
tone. This was done in the classic experiment of Shower and Bid- 
dulph (259). They found that optimal judgments were made when 
the two frequencies to be compared were alternated at the rate of two 
per second, and this comparison frequency was used throughout the 
range of tones from 31~ to 11,700— and for a range of intensities 
(sensation levels) from 5 db to the maximum the subjects could 
"take." 

The magnitude of Af is a function of the absolute frequency at 
which the measurement is made. It is also a function of intensity. 
The size of Af/f, for each of several frequencies and intensities, may 
be read from Table 2. It may be seen that Af/f is roughly constant for 


TABLE 9. Tur VALUES or Af/f FOR A WIDE RANGE OF INTENSITIES 
(SENSATION LEVELS) AND FREQUENCIES 


The data are those of Shower and Biddulph (259) and represent the perform- 
ance of five subjects between 90 and 30 years of age. From Stevens and Davis, 
273. Reproduced by permission of Bell Telephone Laboratories, Inc. 


Sensa- 


tion 5 10 15 20 30 40 50 60 70 80 90 
Level 


Fre- 
quency 
31 | .1290 | .0873 | .0702 | .0563 | .0438 -0406 
62 | .0975 | .0678 | .0546 | .0491 | .0161 0426 
125 | .0608 | .0421 | .0331 | .0300 | .026G 0247 0269 
250 | 0355 | 0212 | .0158 | .0130 | .0109 -0103 -0098 | .0100 | .0107 
500 | 0163 | .0110 | .0081 | .0067 | .0055 :0052 | 0042 | .0035 | .0042 
1,000 | .0094 | .0061 | .00 | .0039 -0036 | .0036 | .0036 | .0034 -0031 
2,000 | .0079 | .0036 | .0029 | .0021 -0019 | .0019 
4,000 | .0060 | .0044 | .0038 | .0031 | .0027 .0023 
8,000 | .0063 | .0051 | .0045 -0038 | .0036 | .0029 
11,700 | .0069 | .0058 | .0042 -0038 | .0036 | .0035 


0346 


-0030 | .0026 
-0018 | .0017 | .0018 
0020 


the higher frequencies (for a given intensity), For the lower fre- 
quencies (below 500~) Af by itself is roughly constant, though this 
generality does not pertain to the lowest tones measured. 
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If the results of Shower and Biddulph may be taken at face value it 
would appear that there are, between the lowest and the highest 
audible tones, about 1500 j.n.d.’s. This result contrasts sharply with 
the older data of Luft (204), which, for many years, were responsible 
for the common textbook statement that there are 11,000 discriminable 
frequencies. Boring (44), reviewing the experiments performed on 
Af and weighing the many experimental variables that enter into its 
determination, has concluded, “The 1500 discriminable frequencies 
given by the results of Shower and Biddulph are thus probably too few 
to express maximal sensitivity, but the 11,000 tones from Luft's data 


must be too many—very much too many.” 


Pitch and Loudness. Thus far, in dealing with auditory responses, 
care has been taken to speak always of discriminable features of 
physical stimuli. The sensations aroused by them have dimensions 
of their own, however, and these are describable from direct observa- 
tion. Pitch and loudness are two such dimensions. 

Pitch, as a dimension of tonal sensation, is the name given to the 
highness or lowness of tones. Because low frequencies yield low- 
pitched tones and high frequencies high-pitched ones it is natural to 
think of pitch as a simple, direct correlate of frequency. However, 
pitch is not uniquely determined by frequency, as we shall see. 

Loudness is a second dimension, in general determined by the 
physical intensity of sound, but here again there is no one-to-one rela- 
tion between the intensity of the sound and the loudness observable in 
its presence. Loudness is quite complexly related to intensity; also, 
intensity is by no means the sole determinant of loudness. 

The important thing to note, at this point, is that pitch and loudness 
are names for separate aspects of auditory sensation and that they are 
not to be identified in our thinking with frequency and intensity of 
auditory stimuli. The former concepts are psychological, the latter 
physical. We shall subsequently discover still other psychological 
dimensions of auditory sensation to exist. It does not follow that, 
because there are only two dimensions of sound waves, frequency 
and intensity, there are therefore only two dimensions of the sensa- 
tions they arouse. The sensation is the final step in a complex chain 
of events. Modes of variation, arising in the ear and its nervous attach- 
ments, may introduce discernible new dimensions. 


Pitch as a Function of Intensity. A phenomenon reminiscent of the 
Bezold-Briicke effect in vision occurs in audition. It will be recalled 
that increasing or decreasing the intensity of most spectral lights will 
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produce shifts in hue. Only certain “invariable points” are exempt. 
Similarly, the auditory apparatus responds to changes in intensity by 
effecting shifts in pitch. Low tones, when increased in intensity, be- 
come lower, whereas high tones are raised in pitch when intensified. 
There is likewise an “invariable point”; it appears on the frequency 
scale in the region of maximal auditory sensitivity. 

The experiment demonstrating pitch shifts with change of intensity 
is performed by presenting, in succession, two tones of slightly different 
frequency. The intensity of one of the tones is adjusted by the ob- 
server until the two tones appear to be of identical pitch. On the basis 
of results from such an experiment Stevens (270) 
showing the correspondences which must ob 
and intensity to preserve constant pitch. 
of “equal pitch contours” from his work. 

This phenomenon of shifting pitch as an accompaniment of in- 
tensity changes is an important one for auditory theory. Accordingly, 
it has prompted a fair amount of experimental work and no little specu- 
lation (309, pp. 340-346). Even though the shift is a relatively small 
one, it is definite and measurable. One would like to know what char- 
acteristics of the auditory system permit its occurrence. The available 
evidence suggests that the explanation is to be found in the mechanics 
of neither the middle ear nor the cochlea. Some crucial experiments 
performed by Thurlow (279) demonstrate that the same pitch changes 
occur—lowering of low tones and raising of high ones—when the initial 
tone is presented to one ear and the “loudening” occurs exclusively 
through the introduction of a second tone to the other ear. While the 
effect is most prominent if the second tone is identical in frequency to 
the first, this is not a necessary condition. Any frequency, higher or 
lower, produces the effect. 

One would suppose that pitch changes induced by inte 
tions would play havoc with music. 
preciable ones, amounting in some in 
However, it is found that pitch v 


has derived curves 
tain between frequency 
Figure 49 presents a family 


nsitive varia- 
After all, the pitch shifts are ap- 
stances to a whole musical tone. 


ariations of the type under discussion 
occur noticeably only with relatively pure tones. Musical instruments, 


with their complex timbres, produce tones which are perceived as of 
very stable pitch, and this occurs whether the instrument is played 
loudly or softly—happily for music! The explanation of this difference 
between the behavior of pure tones and that of complex ones is at 
present far from complete. It may be that musical tones, which char- 
acteristically have many and prominent harmonics in the region of 
maximal sensitivity (2000— to 4000—), are "anchored" by overtones 
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falling in the invariable region. Or it may be that complex patterns of 
stimulation, once being set up in the central nervous system, are not 
easily altered by energy changes. 


Per cent change in frequency 
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Fic. 49. Pitch as influenced by intensity. Contours of equal pitch from the 

experimental results obtained by Stevens (270). There is plotted the percentage 

change in frequency needed to keep the pitch of a tone constant as its intensity is 

changed. "The ordinate scale was arbitrarily chosen so that a contour with a 

positive slope shows that pitch increases with intensity" (273, p. 71). Courtesy 
of the editor, Journal of the Acoustical Society of America. 


Makeup of the Auditory Area. Having seen something of the nature 
of Af and of AI it is now pertinent to ask what the result would be of 
integrating all the just noticeable differences of both frequency and 
intensity throughout the entire auditory area. How many separate 
tones are distinguishable in the region bounded by the intensitive 
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threshold, the threshold of feeling, and the upper and lower frequency 
limits? The calculation has been performed by Stevens and Davis 
(273, p. 153) on the basis of the Riesz data for AI and those of Shower 
and Biddulph for Af. The result shows that approximately 340,000 
discriminable tones are contained in the auditory area. This figure may 
be a conservative one; it will be recalled that the Af results possibly 
err in the direction of containing too few steps. 


Other Dimensions of Auditory Sensation. Pitch and loudness we 
have already seen to be two separately discriminable aspects of audi- 
tory experience. Both are dependent on frequency and intensity, but 
they are quite different functions of the same two variables. Observa- 
tion shows that there are two other dimensions of 
volume and density (45, p. 375 112. 

“Volume” is a word of several meanings. Because it has been used 
so freely in everyday speech as a synonym for "intensity" (^volume 
controls" on radios, e.g.) we do well to inquire carefully into its tech- 
nical meaning when applied to auditory sensations. Tones appear to 
be big or little, massive or small; they vary with respect to volume. 
Typically, low-pitched tones are large tones; they seem to pervade 
space. High-pitched tones are tiny; they seem not to take up much 
room. If it is difficult to think of the shrill tones of a fife or piccolo as 
"massive" it is equally difficult to picture the pedal notes of a pipe 
organ as “pointed” or “minute.” Perhaps it is entirely a matter of 
“picturing” it that way. Perhaps volume is a pseudodimension coming 
out of the common association of low tones with the large instruments 
that produce them and of high tones with the small ones from which 
they come. However, the case for volume as a sheer associ 
feated by the experimental approach. Several rese 
directed at the measurement of *volumic limens." The variables of 
frequency and intensity may be manipulated to produce a just notice- 
able increase or decrease in observed volume. It is found that there 
is better than fair agreement among observers; in fact, it is possible to 
state with some accuracy the functional dependence of volume on in- 
tensity and frequency (278). Figure 50 shows the relation by way of 
presenting an “isophonic contour" of volume (as well as contours for 
other dimensions). The reduced volume consequent upon raising 
frequency may be compensated by an increase in intensity. 

The same figure reveals the nature of the remaining dimension, 


density. Tones vary with respect to their “compactness” or “thinness.” 
High-pitched tones are typically “hard,” “compact,” “beady”; low tones 
are “loose,” “rare,” “thin, But, within limits, intensitive changes may 


auditory sensation, 


ation is de- 
arches have been 


Other Auditory Dimensions 125 


make up for the densitive shifts brought about by frequency, as the 
isophonic contour for density demonstrates. The same compactness 
present in a high tone may be induced in a lower tone by raising its 
intensity. 

The minor dependence of pitch on intensity and that of loudness on 
frequency, with which we are already familiar, are also shown in the 
remaining curves of Fig. 50. 
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Fic. 50. Isophonic contours for loudness, volume, density, and pitch. Each line 
represents a set of coincidences between tonal intensity and frequency which will 
yield the same observed loudness, volume, etc. Thus a tone of 450— and 58 db 
and one of 550— and nearly 62 db are judged to be of equal volume. From 
Stevens, 269. Courtesy of the National Academy of Sciences. 


Other “dimensions” have been suggested from time to time, and 
certain of them have enjoyed brief careers of scientific acceptance. 
Thus brightness, tonality, and vocality have all had their day. We 
should have some familiarity with the concepts, for there is no 
doubt that the words refer to something discernible in auditory experi- 
ence, The pitch scale may be thought of as a scale of "brightness." 
High tones are “bright,” while low tones are “dull.” However, two 
independently variable dimensions, pitch and brightness, are not 
found, nor are the differential thresholds for the two significantly dif- 
ferent (245). Moreover, it is found that tones may be “brightened” 
by permitting high-frequency transients to enter into their production 
(46). “Tonality” refers to the intimacy of the octave relation. High 
€ sounds more like low C than any tone between the two. In fact, 
we say in music that these are the same tone an octave apart. The 
confusion of octaves is the easiest error to make in identifying tones. 
But such confusions do not make tonality a dimension. The current 
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judgment, influenced by the failure to discover experimentally the 
quantitative relations a dimension should yield, would seem to be that 
tonality is simply a name for the fact that octaves are confused more 
readily than are other tonal intervals. “Vocality” has made a more 
determined bid for recognition as a separate dimension of tonal sensa- 
tion. By "vocality" is meant "vowel similarity." Tones are vowel-like 
or possess "vowel quality" in the sense that an observer, instructed to 
listen to simple tones and state which of the vowel sounds it most 
"resembles" will, after some preliminary training, make his reports 
with a fair degree of assurance and with surprisingly good consistency. 

The classic experiment is that of Kóhler (187), who, in 1910, used 
a series of tuning forks for low frequencies, and a variable-pitched 
whistle (the so-called Galton whistle) for high frequencies, and at- 
tempted to ascertain the frequencies that most nearly resembled 
selected vowel sounds. His results are of interest, quite apart from 
the question of their bearing on a separate vocalic dimension. The 
u sound (true) was most intimately connected with a tone of 263—; 
o (roll) gave 525~; a (father), 1053~; e (ten), 2100~; i (machine), 
4200—. The successive vowels: u, 0, a, e, i were thus spaced approx- 
imately an octave apart. In addition to the vowel sounds the nasal m 
was linked with a frequency of 132— and the sibilant s with 8400—, 
thus adding an octave to either end of the vowel range. The current 
status of vocality as a dimension is not unlike that of tonality. Indeed, 
some have identified the two. On the other hand, Rich's repetition of 
Kóhler's experiment (245) tended to equate vocality to volume, since 
the sizes of the differential thresholds for the two aspects of tonal 
sensation did not clearly warrant their separation. 


Aural Harmonics. It is unlikely that anyone has ever heard a loud 
pure tone. The ear’s response to a sinusoidal wave, a 
large amplitude, is one which fails to pres 
in the stimulus. 


t least one of 
erve the simplicity inherent 
The hearing mechanism, in common with many 
sound-transmission systems, distorts sound w 


aves impinging upon it. 
The distortion takes the form of the introduction of harmonics, over- 


tones of the fundamental frequency received, Thus, even though one 
is careful to present to the ear a pure tone from a properly activated 
phone or a carefully struck tuning fork of eood construction, the mo- 
ment the auditory mechanism goes into action it responds by making 
of the pure tone a clang of some degree of complexity. At low in- 
tensities, say below 40 db, the distortion effects may be imperceptible, 
As intensity is increased above this point the “richness” of the tone 
becomes increasingly apparent, and at high intensities the distortion 
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effects are considerable. The overtones thus injected into the situation, 
because they are due to the ears own operation, are called aural 
harmonics. 

The distorting action of the ear was brought under measurement for 
the first time in the 1920s, when the Bell Telephone Laboratories 
undertook a systematic investigation of it by an ingenious technique 
(94, p. 175 ff.). Noting, in experiments dealing with “masking” (later 
to be discussed), that frequencies corresponding to the higher har- 
monics of a pure tone behaved in a curious fashion, the Bell Labora- 
tories investigators isolated the phenomenon and studied it. In the 
presence of a continuous pure tone of high intensity a second “explor- 
ing” tone, variable in frequency and intensity, was introduced. When- 
ever the variable tone came into a region corresponding to one of the 
overtones of the steady stimulus, audible beats were produced. On 
the reasonable assumption that the intensity of the exploring tone 
which gave the most prominent beats was a measure of the magnitude 
of the aural harmonics present (beats are most readily detectable when 
the tones producing them are equally strong) there were charted the 
frequencies and intensities of several of the aural harmonics. Their 
frequencies are, of course, exact multiples of the tones producing them. 
Their strengths depend both upon the fundamental frequency of the 
inducing tone and its intensity. Thus, for a pure tone of 60~, all the 
first four overtones have made their entrance as detectable aural har- 
monics before a sensation level of 25 db has been reached. For pure 
tones in the region of 1500~ no overtones are noticed until a 50-db 
sensation level is reached, where the first overtone is just detectable, 
and an intensity of 86 db is necessary to render the fourth overtone 
audible. 

Aural harmonics may be studied by a more direct method, though 
chiefly in the ears of animals as yet. Whenever the cochlea goes into 
operation there are generated within it electrical disturbances, the 
so-called “cochlear response” or cochlear microphonic. These waves 
are found to be exact counterparts of the sounds being led into the 
ear with, however, the important difference that they contain also the 
aural harmonics generated within the ear itself. Electrodes contacting 
the round window or some accessible inner ear structure may be at- 
tached to an amplifier and wave analyzer and the full structure of the 
sound spectrum present in the cochlea may be determined. Such an 
analysis should tell one quite exactly what is going on at the site of 
stimulation of the organ of Corti. By this means Wever and Bray 
(312) have measured the amount of distortion present in the ear of a 
cat when stimulated by a 1000— tone. There were found, as well as 
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the 1000~ fundamental, a large group of harmonics, as many as 16 
being identifiable in some experiments. At high intensities of stimula- 
tion the aural harmonics were so prominent in the wave analysis as to 
make a total contribution over half that of the fundamental. At very 
low intensities no components other than the fundamental were pres- 
ent; the cochlear response was “pure.” 

In general, when stimulation is of moderate intensity and distortion 
is not great, the harmonics appear in descending order of magnitude, 
e.g., the first overtone is more prominent than the second, the second 
larger than the third, etc. However, at high intensities, when the 
transmission system of the ear is being “pushed,” another phenomenon 
appears, viz., certain harmonics (3rd, 5th, 7th, etc.) become propor- 
tionately greater at the expense of the remainder (2nd, 4th, 6th, etc.). 
This fact goes far to identify the characteristics of the ear as a sound 
receiver. Sound-conducting systems may be broadly classified as lin- 
ear or nonlinear, and as symmetrical or asymmetrical. Under forced 
vibration a nonlinear but symmetrical system will generate only odd- 
numbered harmonics. An asymmetrical system yields even-numbered 
harmonics. It is apparent, from the manner in which aural harmonics 
behave, that the ear’s distortion is both nonlinear and asymmetrical 
when the system is forced into vibration by sinusoidal waves of mod- 
erate amplitude. At larger amplitudes the departure from linearity 
is the major feature of its response. 


Multiple Stimulation: Combination Tones and Beats. We have seen 
what happens through aural distortion when a single loud pure tone 
is led to the ear. What will be the result of stimulating with two such 
tones simultaneously? The nature of the response will depend upon 
the nature of the two tones. If they are of quite different frequencies 
there will be set up, in addition to the aural harmonics of each stimu- 
lus, some new products of interaction called combination tones. If 
the frequencies are quite close together there will result the phenome- 
non of beats. 

Combination tones may be studied by either of the techniques used 
to identify aural harmonics. Certain of them are directly observable 
in the presence of the two interacting fundamentals, and additional 
ones may be located by the “exploring-tone” technique. Also, wave 
analysis of the electrical response of the cat’s or guinea pig’s cochlea 
yields a large number of combination tones. 

There are two varieties of combination tones: difference tones and 
summation tones. The former have been kn 


: own since the early 
eighteenth century and were discovered by t 


he celebrated Italian 
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violinist, Tartini. He observed the presence of a third tone in double- 
stopping and came to use it as a check in tuning his strings. Differ- 
ence tones are still sometimes called “Tartini’s tones." The discovery 
of summation tones awaited the systematic researches of Helmholtz in 
1856. As the name implies, a difference tone has a pitch determined 
by the difference between the frequencies of two other tones; a sum- 
mation tone’s pitch results from the addition of frequencies. Thus the 
first difference tone, Di, which is easily detectable when two properly 
selected generating tones are used, has a pitch number coming from a 
simple subtraction of one frequency from the other; e.g., if the higher 
tone (A) has a frequency of 1000— and the lower one (1) is 700—, 
D, = h—1=800~. The first summation tone, Sı, would come from 
the summing of the fundamentals; Sı = h + l = 1700—. There are 
two “second-order” difference tones: 2h — 1 and h — 2l; three of the 
third order: 3h — l, 2h — 2l, 81 — h; four of the fourth order: 4h — I, 
Sh — 21, 2h — 8l, 4l — h; etc. The general formula is: Order = m + 
n — 1, where m and n are all possible integers. A similar series exists, 
of course, for summation tones. The pitch number for any particular 
combination tone is therefore given by the expression: N = mh + nl. 
. Obviously a very large number of combination tones is obtainable, 
though from direct observation few appear. The reason is that com- 
bination tones lying at or near the location of either of the funda- 
mentals or any of the prominent overtones of either fundamental may 
be masked to the point of inaudibility. Strong fundamentals are neces- 
sary to produce the distortion pattern to which the combination tones 
owe their existence; this situation also produces powerful masking. 
Analysis of the electrical potentials in the guinea pig's cochlea, under 
strong stimulation by tones of 700— and 1200— has, however, re- 
vealed the existence of 64 combination tones simultaneously present 
(292). Another similar experiment (313) found difference tones of the 
20th order from fundamentals of 10,000— and 100— (h — 201, a tone 
of 8000~). 

Now, what of the case where the two interacting fundamentals do 
not differ sufficiently in pitch number to generate combination tones? 
As has been stated, beats result when the two tones have frequencies 
quite near each other. If two tone generators are only very slightly 
mistuned, say l— apart, a very slow beat will result. Once each 
Second there will be a regular loudening and softening of the heard 
tone. Similarly, two tones 30— apart will produce 30 beats per second, 
etc. The rule is that the number of beats occurring each second tells 
one the frequency difference, in cycles per second, separating two tone 
generators. As has been seen, this fact may be put to use in the identi- 
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fication of unknown tones. Also, the fact that two perfectly tuned 
generators will not beat with each other is a convenient one; piano 
tuners make use of it constantly to bring two or more strings to the 
same pitch. 

Beats may be detected when the mistuning of the primaries creating 
them is only very slight. The waxing and waning of loudness, which 
constitutes the "beat" under these conditions, may occur as infre- 
quently as once in 2 minutes and still be noticeable. The exact lower 
limit for the detection of beats cannot be stated generally, since it is 
dependent upon the absolute as well as the relative intensities of the 
beating components. The problem is clearly that of determining how 
gradually AI may be introduced and still remain AI. 

In the middle pitch range, when the frequencies are such that not 
more than four or five beats per second are created, the periodic 
surging is readily observed as a smooth rise and fall of loudness, com- 
monly judged to be pleasant in character and effectively used in music. 
Beyond this point, with further separation of the generating fre- 
quencies, the smooth surging gives way to an intermittence which, 
if the tones are sufficiently intense, may be quite unpleasant. The 
intermittent effect consists of individual pulses separated by brief 
silences. With larger frequency differences, say 25-30—, intermit- 
tence goes over into a roughness which continues so long as beats are 
observable. The point at which roughness appears and the further 
point at which it fades out, leaving only two clearly separate tones, 
are dependent upon the absolute frequencies involved. If the fre- 
quencies are high and of sufficient intensity tones may be heard to 
beat even though they are separated by as much as 250~. 

The apparent pitch of a beating complex is a matter of some inter- 
est. Beats are easily heard, but what is it that beats? Most investi- 
gators agree that, when the two primaries are close together, the heard 
pitch lies between them; the beat comes from an intertone. When the 
frequency difference is made larger the intertone remains and *carries" 
the beat, but the two fundamentals make their entrance on either side 
of it. Finally, the intertone drops out, only 
along with the primarie. 

The occurrence of be 


the roughness remaining 
$ to signal the presence of tonal interference. 
ats is a testimonial to the fact that the ear is 
far from a perfect analyzer of sound. If analysis were complete, if 
Ohm’s Acoustic Law held exactly, two tones differing by a few cycles 
would not beat with each other but each would be heard separately 


and distinctly, as they are when the tones are sufficiently separated to 
produce a resolution of the conflict. 
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Although both beats and combination tones arise from multiple tonal 
stimulation, care should be taken not to confuse them with respect to 
their probable physiological bases. Because the pitch number of the 
first difference tone is mathematically equivalent to the number of 
beats produced between the two fundamentals, many have been misled 
into regarding difference tones as “beat tones.” Actually, beats and 
combination tones have nothing to do with each other. Combination 
tones, as we have seen, depend upon the ear’s distorting action, much 
of it doubtless being due to non-linearity contributed by the ligaments 
holding the ossicular chain together. If the response of the auditory 
mechanism were completely linear and symmetrical, which it is not, 
we should still hear beats, though combination tones would never 
occur. 


Consonance and Dissonance. When two or more tones are sounded 
together, the various possible combinations differ very markedly with 
respect to their capacity to produce pleasing or displeasing effects. 
This is, of course, a matter of basic concern in music. Those tones 
which “fuse” well, when presented simultaneously, produce consonant 
intervals; those which have a “jarring” and generally unpleasant effect, 
which do not fuse intimately, are said to be dissonant. Though it has 
not always been a matter of universal agreement among musicians— 
musical styles, like others, change—those intervals, falling within the 
compass of an octave, generally regarded as consonant are: the octave 
itself (frequency ratio of 2:1), the major fifth (3:2), the fourth (4:3), 
the major sixth (5:3), the major third (5:4), the minor third (6:5), 
and the minor sixth (8:5). The last four have sometimes been called 
“imperfect” consonances, and, indeed, the various intervals differ, from 
person to person and in different ages of music, with respect to their 
relative “perfection” of consonance. One may, through repetitive hear- 
ing of a pair of tones, become so habituated to an interval as to change 
radically his judgment of its pleasantness or unpleasantness. The 
intervals commonly regarded as dissonant are: the minor second 
(16:15), the major second (9:8), the major seventh (15:8), the tritone 
(F-B, 32:45), and nearly all the intervals in which one term of the 
ratio is 7 (7:5, 7:6, 8:7, etc.), though some find the minor seventh 
(7:4) not unpleasant, especially as a transitional chord. 

The language of music is an ancient one, and men in all ages have 
speculated about possible bases for consonance and dissonance. 
Galileo, in his Dialogues (1638?), addresses himself to the “splendid 
subject” of music and says, ^. . . we may possibly explain why certain 
pairs of notes, differing in pitch produce a pleasing sensation, others 
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a less pleasant effect, and still others a disagreeable sensation. Such 
an explanation would be tantamount to an explanation of the more 
or less perfect consonances and dissonances. The unpleasant sensation 
produced by the latter arises, I think, from the discordant vibrations 
of two different tones which strike the ear out of time. . . . Agreeable 
consonances are pairs of tones which strike the ear with a certain regu- 


larity; this regularity consists in the fact that the pulses delivered by 


the two tones, in the same interval of time, shall be commensurable in 


number, so as not to keep the ear drum in perpetual torment, bending 
in two different directions in order to yield to the ever-discord 
pulses. . . .” (104, pp. 99-100) 

This perspicacious explanation does not sound too strange to the 
modern ear. In fact, the theory of consonance most favored at the 
present time, that of Helmholtz, is not very different in basic concep- 
tion. It was Helmholtz’ belief that relative consonance occurs when 
the upper partials of the tones producing the interval are coincident 
and that the "roughness" accompanying dissonance results from the 
beating of partials separated by too small frequency differences to give 
unique impressions. Thus, the octave is the most consonant interval 
because all the even-numbered partials of the two coincide and re- 
inforce each other. A dissonant interval such as the minor second 
not only produces beats between the fundamentals but 
multitude of combinations of higher harmonics. 

This view of Helmholtz has not always met with ready acceptance. 
There have been many competing theories of tonal fusion (224, Chap. 
6). However, the chief objection raised against Helmholtz, that con- 
sonances and dissonances remain when entirely pure tones are used 
in producing the intervals creating them, necessarily had to subside 
with the discovery of the aural harmonics. The ear provides the mech- 
anism for beating upper partials if the stimuli do not. 


ant im- 


also between a 


Masking. Several effects of multiple tonal stimulation have now 
been considered: difference and summation tones, beats, and con- 


sonance-dissonance. There remains another, the phenomenon of 
masking. 


If two tones of different frequency, 
low intensity, are simultaneously led to the same ear it is likely that 
the weaker one will not be heard at all. It is said to be “masked” by 
the stronger. To reach audibility, to “cut through” the masking tone, 


the weaker one has to be intensified considerably. The amount by 
which the threshold of a tone (or noise) is raised by virtue of the 


one of high and the other of 
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presence of a second one may be taken as a direct measure of the 
masking strength of the latter. 

This suppressive influence is non-specific in the sense that it extends 
great distances throughout the frequency range, though the masking 
effect is greatest on closely adjacent frequencies. Another generality 
is that masking is greater in the high-frequency direction, viz., a tone 
will mask another of considerably higher frequency more readily than 
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one of much lower frequency. This comes about, of course, as a result 
of the presence of aural harmonics, each of which may serve as a 
masking influence if sufficiently intense. 

Quantitative determinations of masking have been carried out sys- 
tematically by Bell Telephone Laboratories, and the data obtained 
there by Wegel and Lane (302) are classic for this phenomenon. 
Figure 51 provides a picture of: (1) the degree of masking produced 
by a steady (primary) tone of 1200~ and 80 db (sensation level); 
(2) the complex phenomena occurring once the masking level is ex- 
ceeded by the masked (secondary) tone; (3) the occurrence of beats 
in those regions where the secondary tone lies close to the fundamental 
or overtones of the primary. The continuous, irregular curve (the 
“masking audiogram”) is the locus of thresholds of all frequencies of 
the secondary tone in the presence of the primary, masking one. Obvi- 
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ously, for all points under the curve the masking tone only will be 
heard. Above it, in those places where the intensity of the secondary 
tone is relatively low (roughly, less than 40 db), both tones will be 
detected. In certain regions, e.g., at 1800— and 45 db, the primary 
and the first difference tone are perceived; the secondary tone has 
emerged above threshold but makes it presence felt only through the 
generation of a difference tone. At higher levels the secondary tone 
enters the complex as a separately perceived component, and, at still 
higher intensities, the mixture of tones becomes elaborate as a result 
of the addition of prominent aural harmonics. 

The interesting question whether the masking phenomenon is essen- 
tially cochlear or central in origin may be answered by delivering the 
primary tone to one ear and the secondary to the other. Under these 
conditions some masking occurs, but only a fraction of that produced 
in monaural stimulation. Moreover, binaural masking is most effective 
at high-intensity levels, and the result can then be attributed in large 
measure to direct stimulation by the masking tone of the contralateral 
cochlea, the tone having arrived there by way of conduction through 
the bones of the head. It is clear that masking is primarily a cochlear 
matter. 

During World War II the problem of auditory masking came to be 
of considerable military importance, since efforts to upset radio com- 
munications frequently took the form of “jamming” with interfering 
tones and noises. Accordingly much valuable data on audibility, espe- 
cially word intelligibility, has come from systematic investigations of 
masking by sounds complex in composition. 


Auditory Fatigue. 


It is not an uncommon textbook statement that 
the ear, 


unlike the eye, does not undergo adaptation. Actually such 
statements perpetuate a myth, Auditory “fatigue,” manifesting itself 
in a reduction in responsiveness of the auditory mechanism as a direct 
result of stimulation, is a real phenomenon and has been investigated 
experimentally a number of times (252). It has been shown that 
steady stimulation both reduces the apparent loudness of a tone and 
raises the intensitive threshold for immediately subsequent stimulation. 

A direct frontal attack on the problem, the result of which provides 
à partial picture of the fatigue phenomenon, was made by Wood (318). 
Using a fatiguing tone of 1000— at moderate intensity, he charted the 
course of sensitivity reduction as a function of time. The procedure 
was entirely analogous to that followed in measuring light adaptation 
by the comparison field method (Chap.3). A fatiguing tone was led 
from an oscillator and attenuator system to one phone of a headset. 
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After steady stimulation of one ear for intervals ranging from 5 sec to 
2 min the fatiguing tone was cut off, and a comparison tone was 
delivered immediately to the other, previously unstimulated ear. In 
successive trials the intensity of the comparison tone was systematically 
changed, and the intensity providing a match with the loudness last 
heard from the fatiguing tone was determined. Wood’s results, sum- 
marized in Fig. 52, are expressed in relative values of the comparison 
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Fic. 52. The course of auditory fatigue. The decline of apparent loudness of a 
steadily exposed tone of 1000~. Percentages of the initial intensity required to 
produce a loudness match in the unfatigued ear are plotted on the ordinate. From 
the unpublished work of Wood (318). 


Relative value of comparison tone in per cent 


tone (as percentages of the initial intensity ) required to effect a match. 
The results are surprisingly similar to those obtained in retinal adapta- 
tion studies. 

The correctness of Wood’s measures depends upon the essential 
independence of the two ears. We have seen, from a consideration of 
the neural anatomy of the auditory pathways, that the two cochleas 
presumably do not have separate cortical projection areas, Moreover, 
it is known that the physical stimulus does not confine itself to one 
cochlea but is carried, by bone conduction through the head, to the 
Opposite one. However, if the locus of the fatigue process is peripheral 
rather than central and if, at the intensities used in this experiment, the 
energy conducted to the “matching” ear is not appreciable (as pre- 
sumably it was not), the fatigue curves may not be too far in error. 
In any case the mere fact that, after a period of continuous stimula- 
tion of one ear, a lower intensity delivered to the other will produce 
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apparently equal loudnesses reveals either the existence of a reduced 
sensitivity in the first (auditory fatigue) or a sensitization of one ear 
through prolonged stimulation of the other. The latter possibility 
should not be dismissed too lightly. A study by Egan (86) has dem- 
onstrated that speech sounds received in one ear may be made louder 
by the introduction of a continuous noise in the other or, conversely, 
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Results having much the same import as those of the Wood experi- 
ment come out of auditory fatigue studies in which altered sensitivity 
is indicated by the heightening of thresholds, rather than by reduced 
loudness, at the conclusion of the adaptation period. Figure 53 pre- 
sents Wever’s combining of the results of two different but comparable 
experiments (309, p. 320), both conducted by the threshold method. 
Low and moderate intensities of fatiguing tone (10 to 40 db) lead to 
a simple exponential loss of Sensitivity (the “fatigue effect” is plotted 


in decibels), while a strong tone (82 db) produces an ini 
drop which is followed by a more gentle decline, 


noise weakens the speech sounds heard in 


tial rapid 


After-Effects of Stimulation 137 


The whole problem of auditory fatigue requires more research. 
There needs to be worked out, in a systematic fashion, a clear set of 
functional dependencies relating the extent of auditory fatigue to vari- 
ous stimulus durations, intensities, and frequencies. Comprehensively 
obtained results connecting these three variables would not only be 
of considerable intrinsic value but would have important consequences 
for auditory theory. The course of recovery, analogous to visual dark 
adaptation, similarly needs to be charted. 


“Persistence,” “Flutter,” and After-Effects of Stimulation. Does 
there occur in audition anything analogous to “flicker”? It will be 
recalled that the flicker phenomenon provides a valuable tool for the 
investigation of visual processes. Repetitive flashes of light, fusing to 
give a steady, uninterrupted impression, yield evidence that excitation 
outlasts the stimulus; i.e., visual impressions “persist.” 

It has been claimed that persistence is also a characteristic of audi- 
tory excitation and that the “flutter” experiment is proof of it. The 
best-known work here is that of Weinberg and Allen (303). They 
attempted to produce alternate periods of sound and silence by ro- 
tating a disc, having four symmetrically disposed holes cut out of it, 
in front of an orifice conducting sound to the ear. What they actually 
succeeded in doing, of course, was to produce periodic fluctuations of 
intensity, as Wingfield (315), who repeated their experiment with bet- 
ter control, has adequately demonstrated. “Flutter” is produced under 
these circumstances, but a “critical fusion point" is never reached so 
long as the tonal cutoff is really effective. If as much as one j.n.d. of 
intensity separates the uninterrupted and ( partially) interrupted phases 
flutter will result; if less than one j.n.d., a continuous tone will be heard. 
The latter, however, is in no sense the “fused” continuity of the kind 
found in vision above the critical frequency of flicker. The parallel 
between the two is not even a remote one. Experiments on “flutter,” 
as classically performed, have no bearing whatever on the question 
of persistence. 

However, it would not be surprising if the effects of auditory stimu- 
lation did briefly outlast the stimulus. The transmission system of the 
ear is highly, but not critically, damped. Observation of the move- 
ments of the ossicles in response to sharp clicks reveals rapidly damped 
oscillations following cessation of the click, as we noted when we were 
examining the middle ears mode of operation. Also, the electrical 
response of the cochlea displays an “off-effect,” a short series of rapid 
discharges, at the moment of termination of the stimulus. Other elabo- 
rations of the basic response are conceivably possible in the complex 
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series of catenary events leading to final cortical excitation. The great 
difficulty in ascertaining the facts lies in the complications introduced 
when brief impulsive stimuli are used. We have encountered it before 
—the production of multi-frequency transients whenever tones are 
abruptly cut on or off. 

A curious after-effect of relatively prolonged stimulation has been 
discovered in the Harvard Psychoacoustic Laboratory (201, p. 1013). 
After listening for a half-minute, say, to a continuous series of strong, 
sharp pulses, which appear as a steady, intense buzz, new sounds pre- 
sented to the ear take on a peculiar “metallic” or “rasping” quality 
temporarily. The noise of a typewriter in action, of two pieces of sand- 
paper being rubbed together, or of any other familiar sound pattern, 
especially if it is discontinuous and complex in harmonic content, takes 
on this ringing or jangling timbre immediately following the condi- 
tioning exposure. The after-effect lasts only a short time, from 1 or 
2 sec up to 10 or 12, depending on exposure time, stimulus strength, 
constitution of the pulse train, and probably the character of the test 
stimulus. Attempts to discover the optimal conditions for the effect 
(253) reveal that: (1) A certain kind of stimulating pattern is neces- 
sary. Random noise, whether continuous or interrupted, is ineffective. 
(2) A square-wave pattern produces the effect but not nearly as 
vividly as rectangular pulses of the same peak intensity; (3) prominent 
high-frequency components must be present in the acoustic pattern 
for the best after-effect to result; (4) duration and intensity of ex- 
posure may be substituted for each other to a certain extent; i.e., brief 
strong stimuli and long weak ones operate in an equivalent manner; 
and (5) a relatively narrow range of pulse frequencies (30 to 200 per 
second, with a maximum slightly above 100) may be used effectively. 
The after-effect displays itself only in the presence of a test sound. It 
does not assert itself against a background of silence. For this reason 


it is best to characterize the phenomenon as an after-effect of stimu- 
lation, not as an auditory * 


‘afterimage,” as its co-discoverers have un- 
happily called it. 


è 


Electrophysiology 
and Auditory Theory 


The Microphonic Action of the Cochlea. Electrical potentials re- 
corded from the region of the round window can serve as a revealing 
index of events transpiring within the cochlea. The story of the dis- 
covery of the cochlear potential is one of the most dramatic in modern 
psychophysiology. In 1930 Wever and Bray, working in the Prince- 
ton Psychological Laboratory, attempted to study action potentials in 
the auditory nerve of a cat by hooking a pair of electrodes to the 
short extent of nerve leading into the medulla, amplifying, and repro- 
ducing the electrical changes in a loud speaker. They were successful 
in picking up electrical waves accompanying tonal and vocal stimula- 
tion of the cats ear. The waves proved to be faithful reproductions 
of the stimuli, so faithful that an observer listening at the receiver 
could identify, by the quality of his voice, the person speaking into the 
cat’s ear! It appeared that the caťs auditory nerve was serving as 
one part of a telephone system and was reproducing with considerable 
fidelity all the complex waves delivered to the ear, even those of 
relatively high frequency. 

The phenomenon reported by Wever and Bray naturally aroused 
considerable scientific interest, and several repetitions of the experi- 
ment were undertaken almost immediately. Not only did the “Wever- 
Bray effect,” as it came shortly to be called, seem to be crucial for 
auditory theory, but the finding that high frequencies of nerve im- 
pulses could apparently be conducted by the auditory nerve seemed 
in a fair way to revolutionize modern neurology. Hitherto it had been 
thought that the maximum frequency any nerve could conduct was of 
the order of 1000 per second, being limited to this value by the 
“absolutely refractory period,” known to be about 1 msec in duration. 
The Princeton investigators had reproduced tones of 5000~ over their 
cat-telephone, and this would call for a refractory period lasting no 


longer than 1% msec. 
139 
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The work stimulated by the Wever-Bray experiment was extensive 
and valuable. More solid facts were added to auditory psychophysi- 
ology in the next ten years than in any other similar period of research 
in this field. It turned out that the first interpretation—that the counter- 
part of the stimulus was being carried over the auditory nerve—was 
incorrect. The Wever-Bray effect proved to be compounded of two 
phenomena: auditory nerve action potentials and aural microphonics, 
the latter generated not in the nerve but in the cochlea. Since the two 
may be picked up simultaneously from the auditory nerve close to 
the cochlea—and will be, unless special steps are taken to isolate one 
or the other—it is not greatly to be wondered at that they were inter- 
mingled in the initial Wever-Bray study. 

The two effects have important points of difference, however, and 
it is possible to separate them analytically, even though their physical 
separation is not simple. Let us examine briefly some of the differ- 
entiating features. Whereas, in experimental animals, both the nerve 
response and the electrical response of the cochlea are adversely af- 
fected by cold, reduction of blood supply, anesthetics, or death of the 
animal, the cochlear response is considerably more resistant to such 
changes. The waveforms of the two are also different. The cochlear 
microphonic follows the waveform of the stimulus (except for the 
addition of aural harmonics, as we have seen); the nerve response 
displays “spikes” characteristic of action potentials in other nerve 
preparations. The temporal characteristics of the two responses also 
differ. The time lag of the cochlear microphonic is almost inappre- 
ciable; its onset follows the introduction of the stimulus by only about 
0.0001 sec or less. The nerve response always shows a considerably 
longer delay. The cochlear microphonic has no “threshold” in the 
same sense that the nerve has one. The lower limiting value for the 
former is that of the instruments used to record it; the nerve response 
requires considerably more energy to set it off. Perhaps the outstand- 
ing difference, however, has to do with the frequencies displayed by 
each. Action potentials never have the extremely high-frequency com- 
ponents found in aural microphonics. The latter presumably go at 
least as high as the upper-frequency limit of hearing (16,000~ waves 
have been recorded), while 4000— seems to 


be the maximum fre- 
quency yet found in the 


auditory nerve, and this is not well syn- 
chronized with the stimulus. The high frequencies in the Wever-Bray 
experiment were a part of the cochlear microphonic. 

In sum, then, the cochlear microphonic h 
any of the other “all-or-nothing” fe 
action. This indicates that the two 


as no refractory period or 
atures connected with nervous 
phenomena, nerve response and 
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cochlear potential, probably have quite different origins. How is the 
cochlear potential generated? A final answer is not possible as yet, 
but there are some promising hypotheses. One of these places the 
origin of the electrical effect in Reissner’s membrane. This is supposed 
to be electrically polarized by virtue of the fact that it lies between 
two fluids, the endolymph and the perilymph, which may have quite 
different ionic concentrations, since they arise from different sources. 
Mechanical movements of Reissner’s membrane, forced by waves 
ascending and descending the cochlea, might under these circum- 
stances generate electrical currents. Another, and more generally ac- 
cepted, hypothesis of the origin of the electrical response of the cochlea 
regards the hair cells of the organ of Corti as being the generating 
elements. This view relies heavily on the evidence from albino ani- 
mals, though this is not the sole support. In cats, dogs, and “waltzing” 
guinea pigs having deficiencies of the cochlea it has been demon- 
strated a number of times that electrical responses cannot be elicited 
at all; post-mortem examination has revealed an absence of hair cells, 
though other cochlear structures may be intact. The evidence thus far 
is not entirely crucial, but the hair-cell theory, which has been worked 
out to a nicety by Stevens and Davis (273, Chap. 1) seems capable of 


subsuming all the major known facts. 


Responses of the Auditory Nerve. Certain characteristics of the 
nerve response, differentiating it from the cochlear microphonic, have 
already been considered. Other features are disclosed by studies of 
action potentials originating in the auditory nerve bundle. The most 
intimate picture thus far obtained has come from experiments in which 
the responses of individual nerve components have been isolated by 
the use of tiny pipette electrodes, only about 0.005 mm in diameter, 
inserted in favorable locations in the eighth nerve of the cat (102, 
75). When Galambos and Davis, who performed the experiments, 
made their initial analysis they believed their electrodes to have been 
contacting axons of fibers whose dendrites originate at the base of 
the hair cells of the organ of Corti and whose cell bodies lie in the 
spiral ganglion. Subsequently, from detailed microscopic study of 
similar segments of the cat's eighth cranial nerve, it could be deduced 
that the original records must have come mainly from cell bodies of 
the cochlear nucleus (103). Second-order, rather than first-order, 
neurons had been involved. Nevertheless, the second nerve cell in the 
chain of four from the cochlea to the cortex presumably carries much 
the same information as does the first one; probably the two do not 
differ radically from each other in mode of operation. As Wever has 
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said (309, p. 184), “The cochlear fibers must perform at least as well 
as the second-order neurons; they may do better in their representa- 
tion of the stimulus, but they cannot do worse.” Since the second- 
order nerve cells behave in a quite elaborate and revealing fashion, it 
is of interest to see what phenomena they displayed in response to 
external stimuli. 

When tones of low intensity were delivered to the cat’s ear it was 
found that individual elements responded in a quite specific fashion. 
At threshold intensity a particular element might show potentials only 
in response to tones of a very limited frequency range, e.g., 690~ to 
710~. To all other tones it would be entirely unresponsive. Other 
units had, at threshold, similar specificities. If the stimulus intensity 
were increased, however, a wide band of frequencies became effective 
in bringing about discharge. The spread of response as the energy of 
the stimulus was raised was an asymmetrical one favoring the lower 
frequencies. Figure 54 shows the roughly triangular “response areas” 
for four different units. The behavior of the “2000~ element” (the 
one responding at threshold only to tones in the immediate vicinity of 
2000~) may be taken as typical. When stimulated with high- 
intensity tones, at a level corresponding to about 90 db human sen- 
sation level (10 db below 2 volts, on the chart), this unit has become 
$0 non-specific in its response that tones from 250— to 2500~ will 
excite it. In other words, an element “tuned” to respond at threshold 
only to a very small range of frequencies will, if stimulated intensely, 
respond to tones three octaves below and one-half octave above its 
“characteristic” frequency. Cells having characteristic frequencies as 
low as 200~ and as high as 50,000— were found in the cat. The “low- 
pitched” neurons were rare. 

Except for the feature of specialized frequency reception the indi- 
vidual auditory nerve components behave very much as do fibers 
belonging to the other senses. They show characteristic random 
discharges (“spontaneous” activity) in the absence of external stimuli. 
They may display a brief period of no response, a “silent period,” on 
cessation of prolonged stimulation and also “after-discharge,” an ac- 
celerated rate of firing after the silent period. They give evidence of 
“equilibration” (a rapid decline in discharge rate in the presence of a 
continuous stimulus). Their refractory periods are not found to be 
unusually short (as was suspected in the days of the “Wever-Bray 
effect”). They also respond, individually, to intensity increases by 
discharging with greater rapidity, though there is a limit to which this 
occurs; most units show a maximum discharge rate of about 450 per 
second, and this level is reached at only 30-40 db above threshold. 
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Frequency of discharge in the auditory nerve is thus determined by 
two variables, stimulus frequency and intensity. 

The question may be raised, as it was for the cochlear response, as 
to how the nerve discharge is initiated. Once more we have to appeal 
to hypothesis to some extent, for the facts are far from being all at 
hand. One view is that the genesis is mechanical; vibratory distortion 
of the hair cells of the basilar membrane produces both the nerve im- 
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pulse and the cochlear response, the latter as a by-product. Another 
hypothesis is that the auditory nerve, like other nerves in which such 
à mechanism has been pretty well demonstrated, has to be discharged 
by a chemical mediator. Recent researches on acetylcholine as the 
initiator of nervous impulses lend credence to this idea. In the trans- 
mission of impulses from nerve to muscle the role played by acetyl- 
choline is beyond dispute. Perhaps the final step in the excitation of 
all nerves is the same. At any rate, the appreciable time delay in the 
arousal of auditory nerve action potentials demands some such ex- 
planation and the facts fit the chemical mediation theory well. 

A third hypothesis has been that the cochlear potential, the aural 
microphonic, is itself the initiating agent, that the nerve is stimulated 
electrically by the currents generated in the cochlea. This view is an 
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attractive one because nerve impulses can, of course, be set off by 
direct electrical excitation, and the cochlear potential is known to be 
a large one, appropriately located and possessed of some of the other 
requisite properties for service as a nerve excitant. However, it does 
not have all of them, and this fact has led to the search for some inter- 
mediary process, some set of events standing in more immediate rela- 
tion to the discharge of the nerve twigs at the base of the hair cells. 
Cleverly designed experiments by Davis and his associates (77), char- 
acterized by the use of high-frequency stimulation and suitably placed 
multiple electrodes in the guinea pigs cochlea, have led to the detec- 
tion of a third set of electrical waves. This component of the ear's 
electrical response, termed the "summating potential" because of its 
capacity to add the effects of two or more sound waves if they recur 
rapidly enough, has a separate existence from that of the cochlear 
microphonic and also from that of the conventionally recorded nerve 
action potential. It is distinguishable from the microphonic in several 
ways, lagging behind it in time by about 100 psec, being separable 
from it by operative injury or other adverse conditions, reacting differ- 
ently to a polarizing current, and, especially, outlasting the mechanical 
motion of the basilar membrane that presumably creates it. It may be 
distinguished from the nerve action potential, which, as we have seen, 
is probably generated in the cell bodies of the spiral ganglion, by 
lacking the “all-or-nothing” properties of nervous functioning, such as 
the occurrence of the refractory period. Moreover, its electrical be- 
havior is such as to locate its origin at the organ of Corti, close to the 
point of generation of the aural microphonic. 

The discovery that there is a local excitatory potential does not, of 
course, necessarily invalidate the mechanical and chemical hypotheses. 
All three could be right. The mechanical motion is certainly there, 
and it is still a mystery as to how mechanical distortion or changing 
tension can initiate a nervous discharge. Moreover, the chemical hy- 
pothesis is not incompatible with the mechanical and electrical ones. 
Biochemical processes may be triggered by mechanical deformations; 
they also usually have electrical manifestations. The mechanical, 
chemical, and electrical accounts may simply provide three different 
but related pictures of the same set of basic events. At any rate, until 
we have a more intimate knowledge of the ways in which receptor 
cells act as energy transducers we shall not be in a position to reject 
any of the current guesses concerning initiation of nerve impulses. 


Responses of Nervous Centers. 


à Electrical signs of nervous activity 
appear at higher levels of the nervo 


us system as well as in the auditory 
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nerve. Electrodes contacting various parts of the ascending tracts from 
the auditory nerve to the cortex reveal, up to a point on the frequency 
scale, potentials which reproduce stimulus frequencies and, beyond 
that, electrical responses of an asynchronous variety. Thus, at the 
cochlear nucleus of the medulla there may be found all the complex 
phenomena occurring in the nerve itself, as we have seen. With some 
electrode placements the amplitude of the potentials may actually be 
much greater than those found in the nerve, presumably because 
"gray matter" (aggregates of many cell bodies and synaptic tissue) is 
making the electrical contribution. At the trapezoid body there begins 
to be a limitation on the upper frequency of synchronized impulses 
which will come through. Kemp and his collaborators (181) found 
2500— to be the maximum stimulus frequency that would reproduce 
itself at this neural level, though tones as high as 4000— produced an 
asynchronous discharge. Higher in the auditory tract, at the lateral 
lemniscus, the top frequency was L000~. At still higher centers it is 
possible to get responses, but they show a further frequency restric- 
tion, and, if an attempt is made to record from the highest of all, the 
temporal cortex, tonal stimuli show no synchronized responses what- 
ever. At the cortical level it is possible to reproduce a series of dis- 
crete clicks; the potentials will follow the succession of sounds up toa 
frequency of 100 per second. Beyond this the synchronized response 
breaks down. 

There are good reasons why the higher nervous centers seem not to 
record faithfully the regular tonal sequences reproduced so accurately 
by the peripheral mechanism. In part it is a matter of experimental 
techniques, viz., anesthetics and electrodes. A general anesthetic 
always influences the highest centers first and extends its influence 
progressively downward, neurologically speaking. 4 It ISHIOE easy to find 
the fine balance that will keep an experimental animal “under” and yet 
allow the cortex to function sufficiently well for the purpose at hand. 
As to electrodes, those of the type used to obtain the "click-response" 
data, just described, are relatively gross affairs as compared with those 
in the investigation of second-order neurons of the eighth nerve. If 
glass micropipette electrodes are substituted for the larger ones some- 
what different results are obtained, at least at certain of the intermedi- 
ate relay stations on the way to the cortex. At the inferior colliculus, 
e.g., recording with microelectrodes no larger than 0.005 mm in 
diameter at the tip has led to the finding that the same kind of fre- 
quency specificity discovered in the cells of the cochlear nucleus also 
obtains here (280). Triangular response areas of the type shown 
in Fig, 54 may be plotted for the colliculus, the width of the band of 
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effective frequencies being determined by stimulus intensity. A still 
higher center, the medial geniculate body, displays precisely the same 
phenomenon (133). These two regions of the central nervous system 
thus add their testimony to a growing collection of evidence that there 
is a good deal of localization of neural response on the basis of fre- 
quency differentiation. 

A clear-cut set of facts has been adduced concerning the time rela- 
tions involved at the several nervous levels between the cochlea and 
the brain (181). If the time is measured between the reception of a 
strong click, signalled by the aural microphonic, and the appearance 
of the first action potentials in the auditory nerve (first-order neuron), 
at the trapezoid body (second-order neuron), and at the lateral lem- 
niscus (third-order neuron), there are found to be some significant 
delays. The wave appears in the auditory nerve approximately 1.0 
msec after the onset of the cochlear response. It has reached the 
second-order neuron in another 1.3 msec. By the time third-order 
neurons respond a total of at least 3.5 msec has elapsed. Due allow- 
ance being made for conduction time in the nerve fibers it appears 
that the delays are mainly those at synaptic junctions. From these 
measurements it is found that the time lost at each of the synapses 
must be 0.8 msec, a value which accords well with calculations made 
on other comparable synaptic junctions in the central nervous system, 

As with investigations of higher nervous pathways in vision, we are 
yet at the threshold of much solid information concerning the manifold 
and complex relations existing in the auditory tract. Part of the fail- 
ure to make more prompt discoveries is, of course, to be attributed to 
the intrinsic complexity and relative inaccessibility of the structures 
concerned; part is due to the technical difficulty that the anesthetics 
used to make such experiments possible also operate to diminish or 
destroy the very phenomena being investigated. 


Theories of Hearing. The chief facts of hearing are now before us. 
Into what sort of framework shall we put them? Are there available 
for our use any embracing conceptions which will permit us to arrange 
our facts in more meaningful patterns and, looking past them, enable 
us to foretell where new facts are to be found? This is the service 
good theories perform. 

More than a score of auditory theories exist, but there are few 


which, over the years, have prompted research leading to significant 
discoveries. If this is made a criterion we 


are reduced to two major 
theories and three minor ones. The “res 


d onance" theory of Helmholtz 
and the *telephone" theory of Rutherford and Wrightson fall into the 
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category of major theories; the minor ones are Ewald’s “sound-pattern” 
theory, Meyer's “hydraulic” theory, and a “frequency-resonance” theory 
due to Troland. We shall consider each in turn, though devoting 
more attention to the first than to the others, for Helmholtz’ theory, 
now nearly a century old, has stood well the test of time and continues 
to prove its worth as a stimulator of new investigations. 

The Helmholtz resonance theory is sometimes called the “harp” or 
“piano” theory, since the central idea is one which pictures the trans- 
verse fibers of the basilar membrane as acting very much like harp 
or piano strings. Everyone is familiar with the fact that, if the sus- 
taining pedal of a piano is held down and a tone is sung near by, the 
strings corresponding to the vocal frequencies will vibrate sympa- 
thetically, i.e., will resonate to the sounds striking them. The fibers 
of the basilar membrane, varying as they do with respect to length 


(long at the apex of the cochlea and short at the base) and perhaps 
“loading,” seem admirably suited for 


variable also in tension and 
Here is a mechanism which, 


service as a series of graded resonators. 
because it can respond selectively to different frequencies, may be an 
adequate tone analyzer and thus meet the requirements of Ohm’s 
Acoustic Law. A given “place” (a particular fiber or group of them) 
on the basilar membrane is responsible for a particular pitch; over- 
tones stimulate a series of fibers spaced down the membrane. Tones 
so close together as to affect overlapping portions of the membrane 
produce local interference and hence the beat phenomenon. Con- 
sonance and dissonance yield no disturbing facts; as we have seen, the 
beating of upper partials may be responsible for creating dissonant 


intervals. 


The theory, as left by Helmholtz, had little to say about loudness. 


Intense tones produced vigorous movements of the membrane and 
strong impulses in the nerve fibers attached to the hair cells. It was 
not until much later that anyone questioned this aspect of the theory. 
Meanwhile, some objections had been raised concerning the basic 
notion that the transverse fibers could vibrate independently of each 
other. They are, after all, closely connected with each other in the 
tough, tendinous tissue of the basilar membrane, and sharp tuning 
would not be expected of such a structure. The objection was for- 
mally met by A. A. Gray, in 1900, though the principle he employed 
was inherent in Helmholtz own statement of the theory (309, Chap. 
9). Gray pictured the basilar membrane's response to a pure tone 
as involving, as well as the "in-tune" fiber, other fibers adjacent to 
it. The extent to which neighboring fibers will be called in depends 
upon the intensity of the stimulus. However, the “in-tune” resonator 


148 Electrophysiology and Auditory Theory 


reacts with the greatest vigor and gives its pitch to the complex re- 
sponse; those flanking it have progressively diminishing amplitudes 
the further situated they are from the center of the responding group. 
Gray called this the "principle of maximum stimulation,” and this 
amendment to Helmholtz original theory is commonly called *Gray's 
modification." 

The first real difficulty encountered by the resonance theory came 
in 1912 with the discovery of the “all-or-nothing” principle of nerve 
discharge. It was clearly demonstrated by Lucas and Adrian that 
nerve fibers normally respond by discharging “at full strength.” Either 
a nerve discharges completely or it does not discharge at all; except 
under special circumstances there are no graded responses within 
the individual nerve fiber. What of the correlate for loudness in the 
Helmholtz theory? Amplitude of sympathetic vibration was supposed 
to be translated into strength of nerve discharge to take care of the 
intensity-loudness correlation. 

At first the discovery that there are no graded “strengths” of nerve 
discharge seemed to present an insuperable difficulty. Then, in 1915, 
there came a new theoretical formulation of sensory intensity. Forbes 
and Gregg surmised that varying intensity of stimulus might be 
reflected in variable frequency of discharge within a single fiber. 
Whereas, in conformity with the all-or-nothing principle, a fiber must 
always discharge with its full capacity to do so, it may fire only a few 
times a second or may deliver very rapidly successive discharges, 
depending upon the amount of energy acting upon it. Immediately 
following discharge there occurs a brief period, of the order of a 
millisecond, in which the fiber is “absolutely refractory”; no amount of 
stimulation can affect it. Following this there occurs a “relatively 
refractory period,” in which the original sensitive state is being rebuilt 
and in which the fiber can again respond. A weak stimulus must wait 
until quite late in the rebuilding period to effect discharge, and the 
fiber’s response will thus be infrequent. A strong stimulus, by invad- 
ing the relatively refractory period early, will produce more frequent 
responses. In this way stimulus frequency comes to be translated 
into discharge frequency. The demonstration that single nerve fibers 
actually behave in this manner did not come for another dozen years. 
The Forbes-Gregg hypothesis, meanwhile, rescued the Helmholtz 
theory from the temporary embarrassment into which the all-or- 
nothing discovery had plunged it. 


"There is another way in which intensity may be mediated. A strong 
stimulus may call into action a large number 


of fibers in a nerve 
bundle, while a weak one will i 


nvolve only relatively few. This prin- 
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ciple is commonly employed to account for graded muscular responses 
and may be used to explain variations in sensory intensity as well. 
However, as applied to the auditory nerve, it would seem to intro- 
duce complications for the Helmholtz theory. To bring into play any 
large number of fibers is to involve somewhat remotely situated nerve 
endings and these, being at other “places,” would generate a con- 
glomeration of pitches. Loud tones should be “muddy” tones. There 
is a question as to how far Gray’s modification can be relied on to 
preserve tonal purity. The matter of aural harmonics is not concerned 
here, Harmonics have, of course, pitch numbers demanding wide 
spacing on the basilar membrane. 

What are the evidences for the “pitch-place” correlation, the very 
heart of the Helmholtz theor Unless it can be shown that tones 
have individual loci of reception in different portions of the basilar 
membrane, that low-frequency tones are analyzed out by fibers ter- 
minating near the apex of the cochlea, and that high-frequency tones 
are mediated by those in the basal turns, the whole theory falls to the 
ground, The chief relevant facts are those concerning (1) localiza- 


tion of the microphonic effect within the cochlea, (2) pathological find- 
(3) results of “stimulation-deafness” 


ings in partial deafness, and 


experiments. ADM. " 
That the aural microphonic arises in different portions of the coch- 


lea, depending upon the stimulating frequency, seems certain. Elec- 
trodes situated at the base of the cochlea show high-frequency re- 
Sponses to be favored; records from the apex reveal low-frequency 
waves to have the greater magnitude (141, 274). The most con- 
vincing evidence of a fairly specific localization comes from the work 
of Culler (67, 68) and a confirming experiment by Kemp and John- 
son (182). Culler explored the external surface of the guinea pig’s 
cochlea, determining at each of 23 points the frequency requiring the 
least intensity to produce a small, constant electrical response. The 
presumption was that the most effective frequency, at any given 
point, must be generated in the immediate vicinity. A schematic 
representation of the results is shown in Fig. 55. Even though an 
elaborate mathematics and set of corrections were required to estab- 
lish the individual points there would seem to be little doubt that low 


frequencies of the aural microphonic are generated in the apical turns; 


high frequencies have their origin near the base. 

The evidence from pathology, as is so often the case, is not without 
internal contradictions. However, the clearest results support a gen- 
eral “place” differentiation for pitch. In cases of high-tone deafness, 
whether characterized by gradual losses toward the higher frequencies 
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or more abrupt ones, post-mortem examination of the cochlear struc- 
ture most commonly shows partial atrophy of nerve fibers and other 
degenerative changes in the basal turn (65). These findings, while 
not crucial, are at least consistent with the “place” theory. 
Considerable work has been devoted to “stimulation deafness,” the 
production of lowered or abolished sensitivity in experimental ani- 


Fic. 55. Topographical variations in the size of the cochlear potential. The 
guinea pig’s cochlea is represented schematically, apex at the center. There are 
shown optimal positions for obtaining the cochlear potential at each of the stimu- 
lus frequencies indicated, according to the reports of Culler and his associates (67, 
68). By permission of the editor, Annals of Otology, Rhinology, and Laryngology. 


mals by exposing them to intense tones for a matter of days or weeks. 
The early experiments connecting local degeneration with tonal gaps 
seemed decisive and were frequently cited in support of the Helm- 
holtz theory. However, by now there have been more than a score 
of such experiments and the conclusions seem far less certain (180). 
There is little doubt that cochlear lesions can be produced in this 
way, providing the stimulating tones are sufficiently intense and pro- 
longed, but the losses as well as the lesions are likely to be quite 
general, and, in the better-controlled experiments, the zone of greatest 
loss (as determined by diminished electrical response) has not always 
coincided with the “place” one would expect the "deafening" tone to 
occupy. Post-mortem inspection of the cochlear alterations is likely 
to show degeneration to have occurred in the region theoretically be- 
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longing to frequencies in the range 1000-2000—, i.e. in the region of 
greatest sensitivity. Like the pathological findings in human deafness, 
the results of stimulation-deafness experiments thus far fail to pro- 
vide critical evidence for the Helmholtz theory. While, in general, 
they are not incompatible with it, they do not clearly prove its 
correctness. 

In arriving at a tentative evaluation of the Helmholtz theory it must 
be said that its “place” feature is not the least of its virtues. In addi- 
tion to the evidences just cited there are some other facts that are 
accommodated well by the assumption that there is a systematic pitch 
localization along the length of the basilar membrane. The way in 
which various frequencies contribute to total loudness and to speech 
intelligibility, and the operation of critical frequency bands in the 
production of masking, find most ready interpretation in the light of 
the pitch-place assumption. 

On the other hand, the resonance feature of the original Helmholtz 
theory must be said to have appeared more and more improbable as 
the evidence on cochlear mechanics has accumulated. There is little 
doubt that a kind of “resonance” occurs. The relative amplitudes of 
Vibration of different parts of the basilar membrane and its attach- 
ments change in a regular manner as stimulus frequency is changed, 
the point of greatest displacement moving towards the base of the 
Cochlea as frequency is raised, but a large portion of the membrane 
is in operation for all frequencies. This is especially the case for low 
tones, Moreover, the phase differences existing between widely sep- 
arated parts of the vibrating system clearly prove that we are dealing 

h vith a simple resonance of the 


rather than V 
ar membrane, it turns out, is not a 


The membrane is not even under 


with a traveling wave 
harp-string” variety. The basil 
Series of stretched transverse fibers. as, WOES 
tension, This is demonstrated by making fine cuts in it, either longi- 
tudinally or transversely. The cut edges do not pull apart; they 
should, of course, in an elastic tissue under tension. As one estimate 
has it (30, p. 109 4), *Had the theory of hearing not started with the 
Notion of a vibrating piano string, the basilar membrane might never 


s under lasting tension at all." 
we do well to preserve, while rejecting the 


hrough sympathetic vibration." Withal, 


the modern form of the Helmholtz theory seems capable of embracing 
the major facts of hearing, and with its fruitfulness in pointing to new 


discoveries there can be little dissatisfaction. 
? theory of hearing, first devised by 


The "telephone" or *frequency 
Rutherford in 1886 and given more elaborateness of detail by Wright- 
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son in 1918, also deserves serious consideration. Its assumptions are 
quite different from those of the Helmholtz theory; in fact, in a sense, 
the two are diametrically opposed. This opposition has, more than 
once, served to provide the impetus and the setting for an experi- 
mental problem. Thus the frequency theory, like the resonance theory, 
has proved its value as a guide to research. 

The basic tenet of the frequency theory is that the basilar mem- 
brane vibrates as a whole and thus behaves very much as does the 
diaphragm of a telephone or a microphone. Whatever complexities 
are present in the vibrations transmitted by the foot of the stapes are 
also present in the movements of the basilar membrane and hair cells. 
The latter, perhaps by striking the tectorial membrane in the upward 
phase of their excursion, discharge their attached nerve fibers, and 
the entire pattern of stimulation is reproduced in the response of the 
auditory nerve. Loudness is accounted for by the assumption that a 
vigorous response on the part of the basilar membrane, arising from 
energetic motions of the transmission system, will bring into play a 
large number of fibers, while a weak stimulus will involve relatively 
few. Thus the correlation between intensity and number of fibers, not 
readily accommodated by the Helmholtz theory, is the naturally ac- 
ceptable one to adherents of the telephone theory. 

It is to be noted that the whole matter of tonal analysis is shifted, 
under the frequency theory of hearing, to the brain. The central nerv- 
ous system must perform the dissection of the complex wave demanded 
by the Fourier analysis and Ohm’s Acoustic Law, for the pictured 
mechanism is one which makes of the cochlea simply a device for 
detecting and faithfully transmitting to higher nervous centers the 
complex waveforms falling on the ear. 

An objection that may be fairly urged against the telephone theory 
in its unmodified form is that it calls for the transmission of impulses 
over the auditory nerve at rates of repetition which are probably im- 
possible of realization. If the nerve is to report to higher centers 
precisely the frequencies present in the basilar membrane's move- 
ments, and the latter are in step with those of the eardrum, it follows 
that the highest audible frequencies must be represented by nerve 
discharges of 20,000 per second. This requires a refractory period 
as short as 0.05 msec, and the weight of experimental evidence places 
the shortest refractory period at about 1.0 msec, perhaps slightly less. 

It was this circumstance that led Wever and Bray to propose a 
modification of the frequency theory which they called the “volley” 
theory. They supposed that, up to a point established by the abso- 
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lutely refractory period, individual fibers will yield increasingly fre- 
quent responses as the stimulus intensity is raised. All responses are 
synchronized with the stimulus because it is only at a particular phase 
of the sound wave’s action that the hair cells are stimulated. It is 
further assumed that not all fibers are identical in their response char- 
acteristics. Some have short refractory periods, others long. For a 
low-frequency tone it may be possible for all fibers to “keep up with” 
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Fic. 56. The operation of the volley principle. At Intensity A (low) all fibers 

represented are responding to every third wave. At Intensity B (high) each fiber 

responds to every other wave. In both cases synchronism with the stimulus is 

preserved, The sum of responses of many fibers is represented by the black 

hillocks. These reproduce both the frequency and intensity of the stimulus. After 

Wever and Bray, 310. By permission of the Psychological Review and the Ameri- 
i can Psychological Association. 


the stimulus and thus respond to every wave. Meanwhile other fibers, 
having other refractory periods, are responding to waves skipped by 
the first. At the highest frequencies it may not be possible for even 
the most sensitive of fibers to respond more frequently than to every 
tenth wave; however, its neighbors will be responding at their own 
pace to the missed waves. The “regiment” of fibers thus fires by “pla- 
toons,” and the net result is a high frequency of response on the part 
of the bundle of nerves but only relatively infrequent discharge on 
the part of the individual components. Figure 56 illustrates the oper- 
ation of the volley principle. For Intensity A, each of the fibers is 
discharging only to every third wave, but the refractory periods of 
a, b, c, and d are so chosen that no period of the sound wave is with- 
Out its discharge. For the higher Intensity B, each of the fibers is re- 
Sponding to every other wave (more frequently, in accordance with 


154 Electrophysiology and Auditory Theory 


the Forbes-Gregg principle), and the integrated response for a large 
number of fibers shows a larger (louder) response. The frequency of 
the stimulus is also preserved, as demanded by the telephone theory, 
through synchronization of the impulses with the sound wave. Thus, 
by way of addition of the volley principle, the frequency theory again 
becomes plausible and acceptable as an explanatory framework for 
the chief factors that must be handled by auditory theory, pitch and 
loudness. 
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Fic. 57. Size of auditory nerve action potentials as a function of frequency. 
There has been plotted the magnitude of the initial response to strong stimulation 
at cach of a large number of frequencies. The sudden drops in the curve are 
explained by the failure of individual fibers to follow stimulus frequency, and the 
consequent synchronization with submultiples of it. From Stevens and Davis, 
272. Courtesy of the editor, Journal of the Acoustical Society of America. 


A nice confirmation of the correctness of the volley principle comes 
from an experiment in which there was measured the initial size of 
the action potential in the auditory nerve of a cat, when maximal 
stimulation was delivered throughout a wide range of stimulus fre- 
quencies (272). In Fig. 57, which summarizes the findings, the size 
of the response (amplitude of action potential on the screen of an 
oscilloscope) is seen to undergo sharp reductions at two critical fre- 


quencies, 850~ and 1700~. At low frequencies all fibers can follow 


the stimulus, discharging with every cycle of pressure changes. Then, 


at 850~, the absolutely refractory period is apparently encountered 
and the discharge amplitude drops to about half its former value; pre- 
sumably half the fibers are firing in one 
next, the first group again in the third, ete. When twice the frequency 
is reached, at 1700~, there is a further abrupt drop to one-half the 
previous amplitude of response, and three “platoons” are now sharing 


cycle, the other half in the 
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the burden. Above 3000~ the response becomes asynchronous and 
random; individual fibers are firing “at will.” 

The remaining theories need not detain us long. While containing 
some interesting ideas they do not offer the possibility of accommo- 
dating any large assortment of hearing facts, at least in a manner sug- 
gestive of crucial experiments. 

The “sound-pattern” theory of Ewald gets its inspiration from the 
phenomena displayed by vibrating plates and diaphragms. If a metal 
plate on which sand has been sprinkled is set into vibration by striikng 
or bowing the edge there are created elaborate patterns in the sand, 
these reflecting the complex motions of the plate. Each tone, indeed 
each variation in intensity, has its own pattern. Ewald, experiment- 
ing with diaphragms and photographing the patterns formed on them 
by standing waves, became convinced that the basilar membrane must 
behave in a similar manner. His theory of hearing therefore supposes 
that each combination of frequency and intensity must have its unique 
pattern, what Ewald called its “acoustic image." The sound pattern 
of a complex tone, replete with overtones, must be very elaborate 
indeed. Analysis of tones, recognition of voices and musical instru- 
ments, and discrimination of the nuances of musical passages must 
place a very heavy burden on the brain. The scientific judgment of 
the sound-pattern theory has been that there is no need to admit so 
much complexity for the reception of even a simple tone until forced 
to do so by the failure of more parsimonious principles. 

The hydraulic or “displacement” theory of Max Meyer (211, 212) 
is essentially a “frequency” theory but one which denies resonance to 
the basilar membrane or any of its components. In fact, it holds that 
the basilar membrane is not an especially elastic tissue and that it 
behaves as one might expect a stiff piece of leather to act. When 
pushed into one position by the pressure of the cochlear fluids it 
remains there until pushed into another. Meyers theory has been 
dubbed the “leather chair-seat" theory for this reason. The foot of 
the stapes, on its inward excursion, communicates pressure to the 
basilar membrane, which is depressed progressively along its length 
just so long as a positive pressure continues, As much of the mem- 
brane (“phragma,” as Meyer persists in calling it) is pushed out of 
Position as is required to make room for the fluid displaced by the 
Stirrup's motion. When the stapes comes to a stop and describes a 
return movement the basilar membrane bulges in the opposite direc- 
tion, again beginning at the base. A length of the membrane will 
reproduce the motions of the stapes and thus preserve synchronism 
with the stimulus, even though the waveform be an intricate one. The 


156 Electrophysiology and Auditory Theory 


extent of the membrane involved will determine loudness. A weak 
stimulus will jerk the membrane out of position for only a short dis- 
tance before the disturbance dies out; a strong one may involve the 
entire membrane up to the apex. Unlike other adherents of frequency 
theories, who have left analysis to be cared for by the brain, Meyer has 
worked out a mechanical analysis within the cochlea. This involves 
differential action by successive sections of the membrane and accounts 
peripherally for Ohm’s Law and combination tones. The analysis, 
rather than being based on the Fourier series, is essentially a geo- 
metrical one. 

The displacement theory possesses all the virtues of any frequency 
theory and certainly provides a unique picture of cochlear mechanics. 
It does this, moreover, without bringing in the concept of resonance. 
It has not been a popular theory, however. Perhaps this is because it 
is inherently a difficult theory to understand, as Wever has pointed out 
(309, p. 88). Perhaps it is because, until only quite recently, no one 
has been able to demonstrate the plausibility of some of the mecha- 
nisms hypothesized by the hydraulic theory. At any rate, it can safely 
be said that over the years it has not provided a great impetus to 
research and discovery. Perhaps it may yet come to do so. 

A theory which is essentially eclectic in spirit, in that it borrows both 
from the resonance theory and the frequency theory, is one devised 
by Troland in 1929. A not too dissimilar one was outlined by Fletcher 
in 1930 (95). As much of the Helmholtz theory as assigned different 
pitches to separate locations on the basilar membrane is preserved in 
order to make of analysis a peripheral event. However, pitch is 
determined by the frequency of impulses in the nerve, regardless of 
the point of origin of the discharging fibers. As in other frequency 
theories, synchronism between the stimulus and the neural pattern of 
discharge is assumed. This use of resonance for analysis and fre- 
quency for pitch demonstrates that the central conceptions of the two 
most successful of the auditory theories are not necessarily incom- 
patible. Troland's theory and Fletcher’s theory are notable in another 
respect—they anticipated (somewhat in advance of the “Wever-Bray 
effect”) the volley theory by correlating loudness with “the total 
number of impulses passing a fixed cross-section, per second, in a 
group of cooperating fibers” (285). Thus, by a division of labor, 


there was avoided the refractory phase difficulty encountered by 
earlier frequency theories. 


Other combinations of principles contribute: 
are possible. There is no reason to assume, 
seem to have it that way, 
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theory is generally applicable to all auditory phenomena. The current 
state of our knowledge would seem to prejudice us toward a place 
theory for high tones and a frequency theory for low ones. Some- 
where in the middle range of tonal frequencies one principle may give 
way to the other, the two thus complementing each other. This is the 
view championed by Wever in his modern statement of the volley theory 
(309). Of course, there is always the possibility that there will eventu- 
ally emerge an idea of a higher order, a “master principle,” capable 
of subsuming under it all known auditory phenomena. Our current 
auditory theories have, after all, attained a riper age than most good 


scientific theories ever achieve. 


The Skin and Its Stimuli 


The Classification of the Senses. Two avenues of sense, vision and 
audition, having already been dealt with in the foregoing chapters, it 
may seem odd that only now is there being raised the question of 
how, in general, the senses are to be classified. The reason becomes 
clear when it is learned that there are five senses, or more than a 
score of them, or some intermediate number, depending upon what 
decision is made concerning sensations originating in the skin and 
internal organs of the body. Classically, there are five special senses: 
vision, audition, smell, taste, and “touch” or "feeling." Aristotle had 
it that way (though even he expressed some doubt about "touch" as 
à single sense), and his fivefold classification of the senses has upon it 
the sanction of the centuries. 

Current popular usage is, of course, completely in the Aristotelian 
tradition. At various times, however, and especially of relatively 
recent years, the list has been expanded. Always the “extra” senses 
have come out of the sense of feeling by a process of subdivision; when- 
ever the number has shrunk back to five the additional senses have 
gone back into “feeling” again. Boring (43, p. 34), listing the “sense- 
qualities" of feeling for which some fair claim to independent status 
had been made by 1915, includes: pressure, contact, deep pressure, 
prick pain, quick pain, deep pain, warmth, cold, heat, muscular pres- 
sure, articular pressure, tendinous strain, ampullar sensation or dizzi- 
ness, vestibular sensation or sense of translation, appetite, hunger, 
thirst, nausea, sex, cardiac sensation, and pulmonary sensation. Others, 
including itch, tickle, vibration, suffocation, satiety, and repletion, at 
one time or another have been raised to independent status. 

In the intricate history of the classification of the senses there have 
been, in general, three logically 
be grouped together (1) 
tional similarity, (2) 


distinct approaches. Sensations may 
qualitatively, on the basis of their observa- 
stimulus-wise, with respect to the objects or forms 
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Q 


of physical energy that typically set them off, or (3) anatomically, in 
accordance with the system of sense organs or tissues initiating them. 
The last of these seems to provide the best organizational principle, 
and, wherever knowledge about the bodily structures responsible for 
originating sensation has been sufficiently complete, the anatomical 
basis of classification has been preferred. We could talk about the 
"sense of green" and the “sense of gray,” but since we know the pro- 
duction of these qualities to be the work of a single anatomical unit, 
the eye, we are accustomed to grouping the two classes of sensation 
together as "visual? Similarly, we might appeal to stimuli and, in 
hearing, speak of the "sense of tone" and the "sense of noise," but both 
kinds of sensation are mediated by the ear and hence are classed as 
"auditory." In the cases of smell and taste the anatomical reference is 
natural. Olfactory sensations are “nostril sensations”; those of taste 
belong to the tongue and palate. 

When we come to consider the sensations aroused in the skin and 
internal organs of the body there is some indefiniteness of classifica- 
tion, mainly because we do not have entirely certain knowledge of the 
anatomical mechanisms involved. Indeed, the question of what nerve 
endings in the skin and deeper-lying tissues respond to common touches 
and pressures is still far from settled. As to the detailed manner in 
which they operate to elicit sensations we can as yet only make shrewd 
guesses, Despite the fact that the skin is, from the evolutionary stand- 
point, the oldest of the sensitive tissues of the body, it has yielded up 
its secrets reluctantly. It houses a multitude of variously constituted 
and differently disposed structures, and the opportunities for variation 
in their performance are many. Perhaps it is not surprising, there- 
fore, that its phenomena are complex and hard to master. Perhaps, 
too, it is not greatly to be wondered at that its sensations are difficult 
to bring under simple classificatory concepts. If, under one set of 
prejudices, the cutaneous and internally aroused sensations all seem to 
belong together and thus indicate the existence of a single sense of 
“feeling” and, under another bias, seem to bespeak a veritable plethora 
Of separate and distinct “senses,” this is but a reflection of our current 
ignorance of the basic facts and uncertainty as to the interpretation of 
those we have. For several reasons, which will later become apparent, 
we shall think of the skin as housing three systems of sensitivity, one 
for pressure reception, one for pain, and one responsive to tempera- 
ture changes. Those belonging to the deeper tissues, muscles, and 
Visceral organs, as well as the receptor system located in the non- 
auditory labyrinth of the inner ear, will be thought of as constituting 


the "internal senses. 
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The Skin and Its Sensitivities. The first thing to be noted about the 
skin is that it is not uniformly sensitive. If a pencil point is moved 
gently across the back of the hand there are aroused at some places 
sensations of touch or pressure, at others cold sensations may flash out, 
and there may be felt tickling or even itching at others. Moreover, if 
the stimulus is changed to a sharper or duller object, or if the mode of 
attack is varied to involve direct pressure into the skin, or if warmed 
or cooled metal points are used, a considerable range of sensations 
may be brought forth. This suggests that the skin’s potentiality for 
yielding a great diversity of sensations can be gauged only by explor- 
ing sample areas in a systematic manner, controlling the many variables 
that must enter to produce such widely differing phenomena. 

To make systematic exploration possible it is obviously necessary to 
resort to some kind of mapping procedure so that the same local skin 
area may be readily found again, either to investigate its constancy of 
response when uniformly and repeatedly stimulated or to isolate it 
for systematic variation of the stimulus in successive trials. The com- 
mon laboratory technique is to utilize a rubber stamp prepared in the 
form of a square grid, 20 mm on a side and thus containing 400 mm? 
squares. An ink impression of such a grid is stamped on the skin 
area to be explored, and the center of each tiny square becomes the 
locus of stimulation. Since there is nothing permanent about such 
marking (perspiration and accidental rubbing of clothing readily smear 
or even obliterate it), a technique making the grid lines reproducible 
has been devised by Dallenbach (72). This consists of injecting into 
the skin with a finely drawn-out glass tube or a hypodermic needle, at 
the four corners of the grid marking, a small “dot” of India ink. The 
corners of the grid pattern, thus being permanently tattooed into the 
skin, make possible exact placement of the grid in successive stamp- 
ings. With the aid of such “anchor points” the author has been able 
to stamp the skin and relocate spots especially sensitive to cold and 
pressure a dozen years after they were first found. 

If a somewhat more intimate map of a skin area is desired, a free- 
hand sketch of the surface as seen through a low-power (10x to 30x ) 
binocular microscope may be made. Better still is a microphotograph 
of the area. With judicious lighting, furrows and ridges, hair stumps, 
and other distinguishing marks may be brought out and used as 
orientation signs to assist in stimulus placement. An ingenious method 
to provide a somewhat temporary but perfectly reproducible set of 
marks is to make use of the method of electro-osmotic staining (119). 
A solution of methylene blue or other dye is used to saturate a piece 
of filter paper, which is then placed over the skin region to be marked. 
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A positive electrode of appropriate shape and size is then pressed 
firmly on the filter paper, the negative electrode being attached to 
the body at some indifferent point. A direct current of 1-2 ma, at 
20-40 v, is allowed to flow through the circuit for 5 min or more at 
the termination of which the dye has been carried into the skin by way 
of the sweat duct openings. A few days after such a dyeing operation 
the individual sweat duct openings are clearly marked and remain so 
for long periods of time, perspiration depositing particles of dye in 
tiny “craters” at the skin surface. 

With the aid of any of these marking methods the skin’s sensitivities 
may be explored. The system of sensitivity called into action will, of 
course, be a function of the type of stimulus used in the exploration. 
Here the possibilities are many, for the skin proves to be responsive 
to a wide range of stimuli: mechanical, thermal, electrical, and chem- 
ical. For the arousal of “touch,” “contact,” and “pressure” any ther- 
mally indifferent solid or liquid will, of course, suffice, and even air 
blasts have been used in some experiments. For these sensations the 
technique of exploration developed by von Frey, at the end of the last 
century, has become standard procedure. This involves the use of 
hairs, both human and animal, of various lengths and diameters, at- 
tached at right angles to the end of a match stick or other wooden 
holder. Following von Frey's lead, most investigators of touch and 
ve made point-by-point serial explorations of 
arying from 0.05 mm to 0.2 mm in diameter. 
The end of the hair is placed over the spot to be stimulated, and the 
holder is then depressed in such a way as to make of the hair a long 
cylindrical column with its force exerted perpendicularly to the skin 
of stimulation is assured by reason of the 


pressure sensations ha 
Skin samples with hairs v 


Surface. Fair constancy eG 
fact that the greatest force of which a given hair is capable must be 


expended in each stimulation; “loading” is maximal at the pressure at 
which the hair bends as the holder is moved downwards. Moreover, 
its force is exerted practically instantaneously. The intensity of the 
stimulus depends, of course, both on the stiffness and length of the 
hair. Because stiffness may be expected to alter with changes of hu- 
midity some investigators have substituted glass wool filaments. In 
either case calibration may be effected by determining, with a sensi- 
tive balance, the heaviest weight that can just barely be raised in one 
Scale pan by the hair, pressed down to the point of bending, in the 
other, 

To elicit warm and cold sensations any device which will conduct 
heat to or away from the skin will serve. Immersion of an area of 
Skin in previously warmed or cooled water is one readily available 


Fic. 58. 


The Dallenbach 
temperature stimulator. 
Either warm or cold wa- 
ter enters the instrument 
through C and is ex- 
hausted through D; and 
De. A sufficiently rapid 
flow keeps the chamber, 
B, and thus the 1-mm 
stimulus point, A, at con- 
stant temperature. The 
handle, F, is lowered to 
a given point on the 
scale, H, after A has con- 
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procedure. For the rapid raising of skin tem- 
perature the delivery of radiant heat to an 
exposed skin area from an electrically heated 
coil or thermocautery is convenient. "Infra- 
red" lamps of the type now generally available 
may be used effectively for this purpose. To 
produce cooling of the skin convection cur- 
rents from evaporating "dry ice" may be di- 
rected against a general skin area. 

Such “macroscopic” stimuli fail, of course, 
to reveal the great local variations in thermal 
sensitivity of the skin, and a point-by-point 
exploration is needed to bring them out, as in 
the case of pressure sensations. Several dif- 
ferent devices have been designed to accom- 
plish local thermal stimulation. The Dallen- 
bach temperature stimulator (Fig. 58) is well 
known. This instrument has its contacting 
point limited to an area 1 mm in diameter. 
In addition to the feature that circulating 
water keeps the stimulus point at a constant 
predetermined temperature, it possesses the 
advantage that concomitant pressure on the 
skin can be controlled. To explore cold sensi- 
tivity in a truly punctiform manner von Frey 
and his students have employed tiny copper 
and brass cylinders constructed of bits of wire, 
the stimulating ends of which have been fused 
into small knobs. In these heat conductivity 
is a function of the composition and dimen- 
sions of the wires, and a graded series can be 
easily prepared by manipulation of these fac- 
tors. The common laboratory instrument for 
the mapping of warm and cold sensitivity is 
the “temperature cylinder" (Fig. 59). A se- 
ries of such cylinders, preheated or precooled, 
may be used successively, each one serving 
until its temperature has changed significantly. 
The cylinders, being solid and thus having 


tacted the skin, partially relieving the spring, G, and controlling mechanical pres- 


sure. 


After Dallenbach, 70. 
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considerable heat capacity, may be used continuously for several 
minutes at a time without returning them to their water bath. At 
least, this is the case for temperatures not greatly divergent from that 
of the surrounding air. 

For “prick,” “pain,” and allied sensations any strong stimulation will 
suffice, though typically needles or other sharp-pointed devices which 
will actually penetrate the skin surface or produce a steep declivity in 
it have been used. Thistles, attached to the ends of von Frey hairs to 


Fic. 59. A temperature cylinder. Adapted from Boring, Langfeld, and Weld, 
A manual of psychological experiments. John Wiley & Sons, 1937. 


permit pressure control, have been used commonly for punctiform 
exploration. For the pain associated with extreme thermal stimula- 
tion extensions of any of the procedures outlined for temperature sen- 
sations may, of course, be used. Chemical stimuli have been worked 
With in the arousal of pain, though not entirely in a systematic fashion. 
Clhiémieals:and drugs have been, in general, of more interest for their 
Possibilities in allaying pain and have been studied chiefly for their 
anesthetic properties. However, some facts of stimulation are known. 

Water-soluble materials have little effect upon the horny surface 
of the skin and to stimulate receptors must be injected hypodermically, 
driven into the tissues electro-osmotically, or introduced into injured 
surface areas, Whereas generalities concerning the differential effects 
of the various classes of chemical stimuli are difficult to arrive at, it 
appears that the hydrogen ion is particularly effective in the arousal of 
Pain. Solutions varying in hydrogen-ion concentration (pH values of 
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5.8 to 8.0), when injected into the skin, have been shown invariably 
to produce pain at pH values below 7.2, the intensity of pain increasing 
progressively with degree of acidity. At pH 5.8 the pain is unbear- 
able. The introduction of alkalis of pH values above 7.2 produces an 
immediate quelling of pain. Of the inorganic salts only those yielding 
excess potassium ions seem capable of arousing pain. However, a 
number of organic compounds, including a large class of “irritant 
poisons,” are effective. Temperature sensations may also be initiated 
by a considerable range of chemicals, by creating rapid interchanges 
between the skin and the surrounding air, by altering the circulation 
of blood and thus disturbing the heat equilibrium of the skin tissues, 
or by direct action on nerve endings. 

Electrical stimulation of the skin seems capable of arousing all sys- 
tems of sensitivity contained within it. Whether this comes about 
through intermediation of receptor organs or by directly affecting 
their attached nerve fibers is not as yet known. Physically, the possi- 
bilities for both would seem to be present. Exploration of an area 
with electrodes delivering either discrete shocks or steady alternating 
current will evoke reports indicating tremendous local variations in 
sensitivity. One of the best of the methods of electrical exploration 
is that devised by Bishop (36). It involves the creation of high- 
voltage potentials which are allowed to spark across from the explor- 
ing electrode to the skin, the discharge taking place at very low 
amperage. Single or multiple shocks may be delivered to any de- 
sired point. One of the chief advantages of this technique is that 
it provides uniform stimulation devoid of any accompanying me- 
chanical distortion of the skin surface. With its aid it is possible to 
arouse, at different points, the full range of basic cutaneous sensations: 
touch, pressure, pain, warmth, and cold in all their intensitive varia- 
tions. 


Structure of the Skin. Some of the conditions for the experimental 
investigation of cutaneous sensations now having been set forth, it 
will be well for us to inquire into the makeup of the tissues concerned. 

Considered from its external and superficial aspect, the skin pre- 
sents a highly variegated structure. Of relatively smooth appearance 
in some parts of the body, it is deeply creased and furrowed in others; 
in some parts hairless and in others richly endowed with hairy ap- 
pendages; in some places, especially over bony protuberances, 
stretched to the point of tautness and in others highly mobile and 
even flabby; in some regions thickened, horny, and tough but in 
others thin, pliable, and vulnerable to injury; in some portions dry and 
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scaly but moist and flexible in others. If widely differing reactions to 
uniform stimulation are found to accompany these differences of com- 
position it should not be surprising. Owing largely to the manner in 
which underlying structures are disposed, areas in different parts of 
the body display radically different properties. The larger part of 
the skin surface presents many small furrows which intersect in such 
a manner as to enclose rectangular, triangular, and polygonal spaces. 
On the palms of the hands and soles of the feet the furrows run in 
close parallel rows separated by slender ridges, and the eminences 
contain the openings of sweat ducts with which these regions are 
liberally supplied. Contrasted with this high degree of structural 
organization are the smooth and relatively undifferentiated surfaces of 
the calf of the leg and the area of the upper arm over the biceps. 
Something of the variations in surface consistency may be judged from 
the photographs of Fig. 60. Were it not for some fundamental simi- 
larities of subsurface structure one might even suppose that different 
parts of the skin surface ought to be regarded as a collection of quite 
separate organs. However, there are uniformities, and we should see 
of what they consist. 

Though classification of the successive layers of the skin is some- 
what arbitrary, it is conventional to mark off three major groupings: 
the epidermis or cuticle, the corium or true dermis, and subcutaneous 
tissue. The epidermis (see Fig. 61) consists of two chief layers: the 
horny, most superficial tissue, called the corneum; and a deeper ger- 
(stratum germinativum or Malpighian layer) from 
which the cells of the corneum arise. The transition from the germina- 
tive layer to the corneum is, in some parts of the body, quite abrupt. 
In the process of growth and replacement the cells of the lower layer 
ard the surface of the epidermis, become closely packed 


move up towa i s 
and flattened, lose their nuclei, and acquire a horny consistency. The 


Surface structure, only a few cells thick in most areas, is constantly 
being sloughed off and renewed from beneath. Two additional states 
of transition may be marked off in some regions. In the process of 
cornification there may be distinguished a layer just above the ger- 
minativelayer. This, because of the appearance in it of coarse granules 
in the cell material, is called the stratum granulosum. The cells here 
are in process of losing their nuclei and are becoming flattened and 
angular, The granule cells quite abruptly acquire a shiny, translucent 
appearance and thus give rise to the differentiation of a fourth epi- 
dermal layer, the stratum lucidum. In some tissue preparations the 
latter, usually only two cells thick, is indistinguishable from other 
parts of the cornified surface tissue but, because it is deeply colored 


minative layer 
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by several stains commonly used by the histologist, may serve as a 
distinct ribbon-like lower boundary of the corneum. 

As is seen in Fig. 61, the separation between the epidermis and 
corium is a highly irregular one, the uppermost layer of the corium 


Fic. 60. Skin samples from different parts of the body. Photographs from von 
Skramlik, 261. 


(papillary layer) consisting of conical mounds of connective tissue, 
papillae, projecting into the floor of the epidermis and almost com- 
pletely surrounded by the basal cylindrical cells of the Malpighian 
layer. The papillae are made up of finely interwoven fibers and 
house the greater portion of the smallest blood vessels and nerves of 
the skin. Some of the papillae contain capillary loops and are hence 
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classed as vascular; in others are found specialized nerve endings, the 
corpuscles of Meissner, and are thus of the nervous or tactile type. The 
papillae vary greatly in length, some of those found in the sole of the 
foot projecting into the germinative layer as much as 0.2 mm, those 
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Philadelphia. 


in the facial region being but 0.035 to 0.040 mm long. It is the regular 
and fixed lineal disposition of the papillae that gives to the fingers and 
toes the orderly arrangements that make fingerprint and toeprint classi- 


fication possible. Below the papillary layer of the corium is the 
This has a looser texture and consists of interlac- 
is almost devoid of capillaries and 
larger blood vessels, small nerve 


reticulated dermis. 
ing bundles of connective tissue. It 
nerve endings but contains many 


168 The Skin and Its Stimuli 


trunks, the tortuously coiled ducts of the sweat glands, the smaller hair 
follicles, and a considerable amount of elastic tissue that forms a bond 
with the lowermost layers of the skin. 

The subcutaneous tissue consists chiefly of fibrous bundles which 
extend down to the muscles and bones. In some parts they are loosely 
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Fic. 62. Composite diagram of the skin in cross section, The chief layers, epi- 
dermis, dermis, and subcutaneous tissue, are shown, as are also a hair follicle, 
the smooth muscle which erects the hair, and several kinds of nerve endings. In 
the epidermis are to be found tactile discs and free nerve endings; in the dermis 
are Meissner corpuscles, Krause end bulbs, Ruffini endings, and (around the base 
of the hair) free terminations. The subcutaneous tissue is chiefly fatty and vas- 
cular but contains Pacinian corpuscles, the largest of the specialized endings. 
From Gardner (105) after Woollard, Weddell, and Harpman, 321. By permis- 
sion of W. B. Saunders Company, Philadelphia. 


meshed, and the spaces between them are occupied by fatty lobules; 
in others they are more tightly interlaced and give a firmer texture to 
the whole skin mass. In general, the more nearly parallel to the skin 
surface the connective tissue bundles are disposed, the greater is the 
skin's mobility. In the subcutaneous tissue are also to be found most 
of the larger blood vessels, nerve trunks, sweat glands, and hair fol- 
licles of the skin. The sebaceous (oily) glands have their secreting 
tissues here. Several types of encapsulated nerve endings, with which 
we shall later become acquainted, are found in subcutaneous tissue. 
Figure 62, which is a composite diagram with emphasis placed on the 
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nervous connections and terminations of the skin, will serve to provide 
an overall view of the skin’s structure, the relative depths of the vari- 
ous layers, and the disposition of many of the tissues that have been 
described. It should be apparent, from what has been said of local 
variations in skin structure, that no single section of skin will reveal all 
the features of importance to us, nor can any such single representative 
be thought of as “typical.” 


Nerve Endings in the Skin. A considerable variety of nerve termina- 
tions is to be found in the skin layers. They range in size from that 
of the deep-lying Pacinian corpuscles, large enough to be seen with 
the unaided eye, to that of the finest naked fibrils in the epidermis. 
The latter terminations, so-called free nerve endings, are the most 
numerous. In histological skin sections they are found to terminate at 
all levels, in the epidermis, corium, and subcutaneous tissue. When 
they enter the epidermis, as they frequently do, they are observed to 
penetrate as far as the granular layer. A great many endings may 
derive from a single nerve fiber, so that an appreciable area may con- 
tribute to the discharge of a particular nerve cell. Free nerve endings 
are best studied in the cornea of the eye, where no other type of ter- 
mination can be discovered. It has been shown (283) that free 
terminations covering as much as an entire quadrant of the cornea 
belong to a single sensory fiber. Moreover, other fibers supplying the 
same general area have endings which maximally overlap and ramify 
into each other's fields, though functional independence of each net- 
work seems to be preserved despite the close anatomical proximity of 
endings, The supposition is that in the skin generally a single fiber 
may, through successive branchings, have a great number of separate 
terminations, covering in some instances areas of several square milli- 
Meters or even centimeters, but that a single fiber does not alone 
"possess" the region. Interlocking and proliferating endings, forming 
an intricate network and arising from other fibers, also lay claim to the 
region and participate in its response. - : 

If one regards the free nerve ending as the prototype of all cutaneous 
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herve terminations the remaining “types of endings found in the skin 

may be regarded simply as elaborations of or developments from this 
a y 


fundamental form. Indeed, many histologists believe that if a com- 
Pletely systematic examination of all representative tissues were made 
there would be found an unbroken continuum of nerve endings in 
which the free terminations, at one end of the series, would be found 
to have been transformed, at the other, into the most elaborately 
formed of corpuscular endings. The first step towards anatomical 
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complication would seem to have been taken by certain of the skin 
endings on the tips of which appear tiny knob-like swellings. Others, 
the so-called Merkel discs found in the epidermis of the finger tip, 
mouth, and lips, represent perhaps an additional step; minute flattened 
plates, scarcely larger than the knob endings, appear on these and 
constitute the specialized nerve endings. Still others, known as hederi- 
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Fic. 63. Encapsulated nerve endings of the skin. A, a Vater-Pacini corpuscle; 
B, a Golgi-Mazzoni corpuscle; C, a Meissner corpuscle; D, a Krause end bulb; 
E, a Ruffini cylinder. Drawn from d ptions and photomicrographs of Boeke 

(40), Ramón y Cajal (239), and Ruffini (200) 


form (“ivy-like”) endings, have been observed in the lower generative 
layer of the epidermis, between the papillae projecting upward from 
the corium. 

All other forms of endings have acquired sufficient structural com- 
plication to be classed as encapsulated endings. Several varieties have 
been described and named (see Fig. 63). Meissner corpuscles, found 
in the papillae of hairless skin regions, vary from 40 to 150 y in length 
and 20 to 60 » in width. There may be as many as 20 or 30 of them 
packed into a square millimeter. One to five sensory fibers enter the 
lower end of each, lose their protective sheaths, and coil into the cor- 
puscular ending. Krause end bulbs, somewhat smaller on the average 
than Meissner corpuscles, are also found in the dermal layers. They 
have been observed in the eye, near the margin of the cornea, and also 


Nerve Endings in the Skin 171 


in the tissues of the external genitals and of the tongue. They are 
believed to be quite generally distributed throughout the corium. 
Cylinders of Ruffini, also known as terminal cylinders and arboriform 
terminations, occur in the dermis near the junction of the subcutaneous 
layers and have also been found in deeper tissues. Most of them have 
their nerve entrances at the side, as shown in Fig. 63, though some 
have been observed with connections at the end. A single dividing 
nerve fiber is occasionally found to connect with several Ruffini cyl- 
inders. The largest and in some respects the most elaborate of the 
encapsulated endings are the Pacinian corpuscles (Vater-Pacini) or 
— These are 0.5 to 4.5 mm long and 1.0 to 2.0 mm 
wide. They occur deep in the corium and subcutaneous tissue and are 
abundant in the hand and foot regions. They are found also in the 
tissues of the joints, ligaments of the leg and forearm, in the external 
genitals, in the coverings of bones, in the connective tissue of the 
abdominal cavity, and near the walls of large blood vessels. Pacinian 
corpuscles have a thick coat composed of 10 to 50 successive layers of 
connective tissue arranged concentrically around a central granular 
core in which the nerve fibrils terminate. Minute blood vessels enter 
the basal pole, and the capillary network may be found between the 
Onion-like layers. Apparently closely related to the Pacinian cor- 
puscles are the similarly complex Golgi-Mazzoni corpuscles. These 
also have a somewhat general distribution, though they penetrate to 
higher levels of the corium and, in deeper-lying tissue, are especially 
noted in the junctions of tendinous and muscular tissues. Golgi- 
Mazzoni endings have fewer lamellations and a relatively larger soft 
granular core than do Pacini corpuscles. The nerve tips proliferate 
More complexly in the core also. Near the bases of their follicles, 
deep in the corium or in subcutaneous tissue, are commonly found 
Complicated aggregates of fibrils which, because ipe pu y: an 
n intricate, generally cup-shaped receptacle for the hair bulb, are 
called basket endings. Many of the fibrils terminate in platelets, 
and the structure is therefore thought by some to consist of Merkel 
discs. Tn any case these nerve terminations would seem to be optimally 
disposed to receive stimulation from movement of hairs. 

From time to time variants of the basic forms described above have 
een noted by histologists, and the naming of SO à [ema nerve 
terminations goes on apace. Thus what is apparently a highly devel- 


i r oval corpuscle found in 
Oped Krause end bulb, a large round or * A P the 
glans penis and clitoris, has been called the “genital” corpuscle. Sev- 
a > eae 
ral variants of Pacinian corpuscles have been named. Such multipli- 
cation of “types” is, of course, to be encouraged in the hope that a 
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sufficiently complete cataloguing of the anatomical possibilities will 
lead eventually to some certain generalizations about the cutaneous 
endings which, at the present time, are in no more than the stage of 
belief. Histological techniques have been vastly improved in recent 
years, and we may confidently expect more cogent descriptions to come 
from their use. Meanwhile, we only know that a great range of sizes, 
forms, and dispositions of possible receptor organs is to be found in 
the skin layers, and we must do our best to identify their functions in 
mediating sensations. 


Central Pathways for the Cutaneous Senses. There exists such a 
multiplicity of end organs and sensory fibers in the skin and underlying 
tissues as to lead one to suppose that their attached nerve trunks in 
the spinal cord must be hopelessly confused. Fortunately, however, 
it is possible to see some order in the constitution of the central path- 
ways. In fact, far from being haphazardly and chaotically combined, 
nerves from the periphery become organized progressively in the di- 
rection of functional simplicity once they enter the central nervous 
system. 

If any of the sensory nerves traveling through subcutaneous tissue 
were to be traced out to individual fiber terminations it would be found 
that the bundle contains components serving all types of endings. 
Some of the fibers constituting the nerve would be relatively large 
(15 p or more in diameter) and a great many would average about 
8 y, while fully half of them would be quite small (2 » or less) and 
would lack myelin sheaths. The picture, then, of a cutaneous sensory 
nerve is one of anatomical complexity. Apparently the bundle is a 
conduit carrying fibers from a fairly definite skin area but serving 
several different kinds of sensation. It follows that injury to such a 
nerve will result indiscriminately in loss of sensations of touch, warmth, 
cold, and pain in the area supplied by the nerve. There is no way in 
which the various modalities can be sorted out at the peripheral level. 
This is also the case just before entrance to the spinal cord. All cu- 
taneous impulses are carried to the cord by way of 30 of the 31 pairs 
of spinal nerves—the first cervical pair has no sensory roots—and 4 of 
the cranial nerves (V, VIT, IX, X). Up to the point of entrance tő the 
central nervous system these nerves are still serving as functionally 
undifferentiated conductors, and it therefore follows that interruption 
of a spinal nerve will abolish all systems of sensitivity in the area hous- 
ing its terminations. 

The region of skin supplied by a particular spinal nerve is called 
the dermatome of that nerve. Since there is considerable overlapping, 
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Fic. 64, The dermatomes. Each area is supplied by a single posterior root of 

the spinal cord. Half the dermatomes are shown on one side of the figure, half 

On the other side. Extensive overlap is the rule; a single local region of the skin 

May be innervated by two or even three roots. From Lewis, 199. By permission 
of The Macmillan Company. 
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with branches of two or more spinal nerves typically invading a given 
skin area, it follows that peripheral exploration will not establish the 
extent of the dermatomes. However, there are Ways of mapping them. 
One of the best is to make use of Sherrington’s method of “remaining 
sensibility,” a procedure involving the sectioning, in animals, of three 
dorsal spinal roots above and three below the one to be studied. This 
eliminates overlapping nerve supplies in the skin region belonging to 
the now isolated spinal root, and there is left at the skin “an island of 
sensitivity in a sea of anesthesia." By systematic sectioning there have 
been mapped the dermatomes corresponding to spinal nerves at all 
levels. They are depicted in Fig. 64. Another way to explore the 
dermatomes is to inject strychnine into a dorsal root zone. This elicits 
sensations localized in the corresponding peripheral region, and the 
licking, biting, and scratching of an animal so injected reveal the 
extent of the skin area affected. In humans comparable data may be 
obtained by noting the distribution of skin eruptions in “shingles” 
(herpes zoster), a virus infection of posterior root ganglia. The pat- 
tern of eruptions coincides with the dermatomes. 

Once inside the spinal cord a regrouping of impulses occurs in such 
a way as to bring together all those of a particular modality. Hence- 
forth, as they ascend the cord to the brain, they travel in their own 
paths. Impulses subserving touch and pressure, upon entering the 
cord over the dorsal roots, ascend in the posterior tract for a few spinal 
segments, then terminate in the gray matter of the cord. Here con- 
necting fibers cross over to the opposite side and continue the ascent 
in the ventral spinothalamic tract (see Fig. 65). Collateral fibers also 
pass up as far as the medulla on the side of entrance to the cord, the 
net result being that pressure impulses arrive at the medulla from 
both sides of the body, regardless of which side initiated them. By the 
time the thalamus is reached, however, a crossing to the contralateral 
side has been effected. A chain of at least three neurones is involved 
in this conduction system. The impulses originating in the pain and 
temperature systems travel in closely adjacent tracts in the cord, and 
the neurones involved have connections somewhat different from those 
serving touch. After passing into the cord by way of a dorsal root 
there is a prompt termination in the gray matter. A connecting fiber 
crosses to the contralateral side immediately and ascends the cord in 
the lateral spinothalamic tract. There are no collateral fibers, and the 
pathway to the thalamus is a direct one, no crossing occurring at the 
medulla. Three neurones are similarly involved. This functional sep- 
aration in the cord, with pressure impulses traveling up both the 
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posterior tract and the ventral spinothalamic tract while pain and 
temperature impulses ascend in the lateral spinothalamic tract, makes 
possible separations of the systems of sensitivity. Thus in syringo- 
nujelia, a disease of the cord which widens its central canal and affects 
the lateral tracts, there is brought about a loss of pain and tempera- 
ture sensitivity but full preservation of pressure sensations in the 
affected area. The arrangement of the conduction paths also makes 
possible a surgical operation for persistent and intractable pain. Cut- 
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ting through the lateral tract at a suitable level will abolish the pain 
(and sometimes thermal sensations) but does not interfere with pres- 
Sure sensitivity nor does it, of course, affect motor responses in the 
region concerned. 

The final relay station of the central pathways is at the level of the 
thalamus; ascending fibers there form synapses with those radiating 
into the cerebrum. The latter terminate mainly in the cortex of the 
Parietal lobes, and the chief projection is upon the so-called post- 
Central gyrus, the eminence just back of the fissure of Rolando. The 
Various systems of sensitivity having been sorted out in the cord, it 
may seem surprising that there is, at the central level, any remnant of 
the topography present in the skin. However, several good lines of 
evidence agree to show that the body surface is rather nicely repre- 
sented in the cortex. Indeed, what seems to be missing at the highest 
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level is any geometrical preservation of the cutaneous modalities, as 
such. 

Perhaps the best method for establishing the topographical corre- 
spondences between the skin and the cortex is to record from the lat- 
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Fic. 66. Projection of the body surface on the central gyrus of the cortex. The 

left cerebral hemisphere of the monkey is shown in cross section. Correspondences 

between cortical loci and specific body areas were established by the evoked po- 

tential method. After Woolsey, Marshall, and Bard, 322. By permission of the 
Johns Hopkins Press and the authors. 


ter, point by point, the electrical potentials created by stimulation of 
the skin. By noting, in the monkey and chimpanzee, the optimal skin 
position for the production of a given electrocortigram Woolsey, Mar- 
shall, and Bard (322, 323) have arrived at the chart shown in Fig. 66. 
Several features of the map are of interest: (1) There is a remarkably 
faithful projection of the dermatomes on the cortex, each spinal cord 
segment below the cervical roots preserving its appropriate position in 
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the series. (2) The cervical segments appear to be reversed as a group 
but to retain their proper internal sequence. The reversal must take 
place at a fairly high neural level because it has been demonstrated 
(in the cat) that the cervical segments fall into their expected (un- 
reversed) position at the thalamus (216). Moreover, as Professor 
Woolsey has pointed out (in personal correspondence), “The reversal 
actually is of the sort which may be illustrated by raising one’s arm 
above the head. If, in addition, the face is detached and supported by 
the thumb, the general arrangement seen in the cortex would thereby 
be illustrated." (3) Those areas which have great density of nerve 
supply occupy relatively large portions of the cortex, but those sparsely 
innervated are compressed in a narrow region. Thus the twelve 
thoracic segments, which innervate the trunk region, are represented 
by a strip only 2.5 mm wide, whereas the sixth lumbar dermatome, in- 
volving the foot region (a highly discriminative and richly supplied 
area in the monkey serving as subject in this experiment), claims a 
very considerable cortical projection area. These studies also confirm 
the general plan deduced from the arrangement of fibers in the cord 
and brain tracts; except for the face region, where the cranial nerves 
mediate sensation, there is found to be no bilateral representation. 
Cortical excitations in one hemisphere are produced by stimulation of 


the opposite side of the body. 
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Pressure Sensitivity. A variety of names has been applied to the 
sensations falling under the general rubric, “pressure.” Not all pres- 
sures have the same “feel.” “Contact” designates a bright, lively sensa- 
tion as contrasted with the dull and heavy feeling of “deep pressure.” 
Some pressures are “dense” and “pointed,” some feel “granular,” while 
others are “diffuse.” Some have a superficial localization; others seem 
to have originated in deeper tissues. It has been contended that pres- 
Sure sensations vary along a continuous scale of "brightness-dullness." 
Differences in the characteristic manner of arousal are also observable. 
Some pressures rise to peak in an abrupt fashion, while others develop 
slowly; others are discontinuous or vacillating. Careful observation 
leads to the conclusion that no cutaneous Sensation is entirely simple 
in its composition. All have temporal, intensitive, and spatial aspects. 
Each pressure feeling constitutes a “pattern” having these and perhaps 
other separately variable dimensions. Certain patterns, occurring fre- 
quently and familiarly, we come to endow with names: "touch," *con- 
tact,” “tickle,” “vibration,” “dull pressure,” etc.; others, their particular 
combinations of attributes coming only occasionally to observation, go 
unnamed or are indefinitely dubbed simply “pressure.” 

The usual stimulus for the arousal of pressure is, of course, me- 
chanical deformation of the skin tissue. Tt can be shown that an 
essential feature of the deformation, in order to be effective, is the 
production of a “gradient” of sufficient magnitude. The mere applica- 
tion of mechanical pressure to a skin region does not guarantee that 
pressure sensations will result. Thus, if a finger is dipped into a jar 
of mercury only the “ring” at the surface of the liquid is felt. Consid- 
erable pressure is being exerted on the immersed part of the finger, but 
the pressure is evenly distributed, and one local area of tissue is not 
deformed with respect to its neighbor except at the region of transi- 
tion from mercury to air. Whenever a sufficiently steep gradient is 
formed the necessary mechanical condition for the arousal of pres- 
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sure sensations is present. The intensity of stimulation is also to be 
related to the steepness of the gradient, sharp gradients arousing more 
intense sensations. It is of no consequence whether the gradient is 
formed inwardly or outwardly with respect to the skin surface. Trac- 
tion applied to a thread glued to the skin provides an effective pres- 
sure stimulus and demonstrates that the only necessary condition is 
tissue distortion. 

In the final analysis it is, of course, tension within the cutaneous tis- 
sues that constitute the physical stimulus for pressure sensations. 
Deformation is effective only because it invariably creates such ten- 
sions. Using a series of small stimulus hairs von Frey and Kiesow (99) 
were able to demonstrate that pressure thresholds were reached at an 
approximately constant level of tension (about 0.85 gm/mm). Thus 
a force of 17 mgm operating through a stimulus hair of 0.02 mm radius 
and one of 85 mgm imposed on a hair of 0.1 mm radius are both 
just capable of eliciting pressure. It is neither force per se (grams) 
nor hydrostatic pressure (grams per square millimeter) but tension, 
expressed in terms of force per linear extent of skin surface contacted, 
that constitutes the significant variable. The relationship, obtaining 
uniformly for tiny skin areas, breaks down for larger stimuli and forces. 

If, with a von Frey hair or a needle, a gradient of constant moderate 
magnitude is maintained while exploring, point by point in a sys- 
tematic manner, a sample area of skin on the underside of the forearm, 
à map of pressure-sensitive “spots,” such as that illustrated in Fig. 67, 
will be obtained. Some points stimulated will respond with clear sen- 
sations of touch, contact, or pressure. Others will yield these quali- 
ties but with diminished intensity. Many points stimulated with the 
same gradient will produce no sensation whatever. Obviously there 
are great sensitivity differences even within a relatively circumscribed 
area. Tt is notable that a close correlation exists between the location 
of sensitive spots and that of hairs, in the great majority of instances 
the point of high sensitivity being located on the windward á side of 
the hair (the side from which the wind appears to be blowing” the 
hair). This peculiar distribution is very suggestive and points either 
to an intimacy of anatomical relation between pressure receptors and 
hair follicles or to participation of the hair in the process of effecting 
tissue distortion, Of course, both could be the case. The former 
Possibility should be considered seriously in view of the profuse net- 
work of nerve fibers surrounding hair follicles. That the portion of 
the hair embedded in the skin serves to facilitate transmission of dis- 
torting forces applied to the skin surface can hardly be doubted. 
Obliquely disposed relative to the skin surface, the hair provides a 
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relatively massive, solid, and unyielding column which could aeeonnt 
for tissue displacements at all points along its length. Whereas mo 
sure points” are found, even with moderately weak stimuli, at ot D 
spots than over hair follicles, it is these areas that display the praem 
constancy of response as measured by reproducibility of results in 
successive tests of the same sample skin area. 


eo » 


Q YO 
2000 


v 


Pressure-sensitive Cy Hair 


Fic. 67. Distribution of pressure-sensitive "spots" on a sample skin area located 

on the underside of the forearm. Each dot represents the locus of stimulation 

evoking a report of "pressure" when a constant, moderate gradient was applied 
Systematically 400 times in the area. From unpublished data of the author. 


Something more of the skin's provision for pressure reception may 
be learned by using a graded series of stimulus hairs and making a 
number of successive explorations. As the intensity of the stimulus is 
increased there are found more and more sensitive "spots," and eventu- 
ally, if a sufficiently stiff hair is used, it will evoke a positive response 
Wherever it is applied. Guilford and Lovewell (135) have per- 
formed an experiment demonstrating this, with results as shown in 
Fig. 68. The stimuli ranged from 0.01 to 1.60 gm, in nine steps, and 
each was set down on 200 equally spaced loci in a 1 cm? patch on the 
shaved back of the hand. As is shown by the curve connecting stimu- 
lus intensity with proportion of points responding, the weakest in- 
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tensity evoked sensations in less than 1% of the trials, while the strong- 
est did so 100% of the time. The shape of the function is interesting 
being of sigmoid form, and suggests that any given “unit area” of the 
skin’s surface has a statistical probability of responding to a stimulus 


of a given intensity. 
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Fic, 68. Pressure sensitivity as determined 

tion of spots responding in a 1 cm? area as 

used. From the data of Guilford and Lovewell, 135. 
Journal Press. 


Absolute and Differential Pressure Sensitivity. The intensitive 
threshold for pressure sensation has been seen to depend primarily 
upon the locus of stimulation. Assuming, however, that the most sen- 
sitive local region is selected for measurement, an important question 
remains, We have raised it before for visual and auditory sensations. 
What is the order of magnitude of the absolute threshold for pressure? 
How much physical energy must be expended to arouse a just de- 
tectable pressure sensation? Several investigations have been directed 
at this point. If a von Frey hair is used one answer will be forthcom- 
ing. If a gentler gradient is created by the use of a larger mechanical 
contactor the threshold value will be found to be higher. In the hairy 
Portions of the skin one can take advantage of the fact that a hair 
itself serves as a lever of the second class (ie. with its follicle more 
or less firmly anchored below the skin surface) to create disturbances 
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in the superficial skin layers. Moving the distal end of the hair ever 
so slightly is likely to arouse lively sensations of touch. It has been 
found by von Frey (98) that a minimal energy of 0.04 erg, applied 
to the end of a hair 1.0 cm long, was sufficient to exceed the threshold 
of sensation. Other determinations by Wolf (316; 261, pp. 134-138), 
with the aid of an ingenious apparatus making possible the delivery 
of carefully measured tiny impacts to the skin, yielded the following 
representative values: 0.026 erg, on the ball of the thumb; 0.037 to 
1.090 ergs, on the tips and balls of other fingers; 0.032 to 0.118 erg, at 
various positions on the underside of the forearm. These values seem 
small indeed but, compared with the energies needed to excite the 
retina or the cochlea, they are of tremendous magnitude. Direct com- 
parisons of absolute intensitive thresholds in the visual, auditory, and 
tactual realms show that the skin absorbs from 100 million to 10 billion 
times the energy required by the eye or ear in getting into minimal 
action. 

The question of the differential threshold exists for pressure sensi- 
tivity, as for vision and hearing. If we begin with a threshold sensa- 
tion and add energy until a just perceptibly stronger pressure is felt, 
what will be the size of the needed increment? What is the magnitude 
of AI for pressure sensitivity, and what of the relation between AI and 
I, i.e., what is the size of the Weber fraction, AI/I? Is it constant, as 
Weber's Law requires, or does it vary in some systematic fashion? 

The available answers are not as clear-cut as we might wish, despite 
a considerable amount of experimentation over the years. The major 
variable is, of course, locus of stimulation. In general, those parts of 
the body surface displaying high absolute sensitivity show small values 
of AI, while the reverse is true for relatively insensitive regions. Thus 
AT has a large value on the abdomen and thighs; it is small at the lips, 
finger tips, and on the soles of the fect (261, p. 142). Other variables 
have been shown to affect the measured size of AI. The period for 
which the initial intensity has been effective, before the addition of the 
increment, is important, as is the rapidity with which the additonal 
pressure is applied. Moreover, if AI is computed as a decrement, i.e., 
from unloading rather than loading experiments, its value appears to 
be approximately doubled (131,132). If both stimuli (1 and I + AT) 
are kept brief the time interval between the two makes a difference, 
Short intervals yielding larger values of AI (188). The size of the 


skin area contacted is important in both absolute and relative measures 
of sensitivity. 


The question of the constancy of the Weber fr: 


action, AI/I, can be 
answered in very much th 


e same fashion as it was for vision and 
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hearing, It is not constant throughout the entire intensity scale, AI/I 
showing relatively large values at low intensities and smaller- (and 
roughly constant) ones throughout the middle range of intensities 
Perhaps the clearest data are those of Gatti and Dodge (106) pi 
those of Schriever (261, pp. 138-144). Figure 69 reproduces the for- 
IDEE Seu The Weber fraction, at least for a single pressure-sensitive 
spot,” appears to pass through a definite minimum in the middle 
reaches of the scale of effective stimuli. 
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Fic. 69. Differential pressure sensitivity as à function of intensity level. The 


Weber fraction, AI/I, varies with the absolute intensity (tension in grams per milli- 

meter) of the base stimulus. The data were obtained by Gatti and Dodge (106) 

on an isolated pressure spot. After Boring, 45. By permission of the copyright 
owners, Appleton-Century-Crofts, New York. 


Pressure Adaptation. A decline in sensitivity with continuing action 
of a stimulus is a very general phenomenon in sensory psychophysi- 
ology and one which intervenes significantly in nearly all experimental 
Situations. Pressure is no exception. Let a pressure stimulus, whether 
areal or punctiform, be applied steadily to the skin, and the sensation 
will fade, eventually to the point of disappearance. The rate of de- 
cline and the total time required for complete obliteration (“adapta- 
tion time”) depend on several variables. Bodily locus is doubtless 
One, though it has never been investigated systematically. Intensity 
Of stimulus and area over which it operates are known variables. 
Adaptation time is longer in the case of intense stimuli and briefer 
With large cutaneous areas (327). 

In considering the light and dark adaptation processes in vision we 
Commonly think of them as mediated by reversible photochemical 
Teactions, i.e., as due to altered states of sensitivity of the receptors. 
The temptation is great to extend such thinking to the cutaneous 
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realm and to picture altered chemical equilibrium states in or near end 
organs as responsible for adaptation. That the essential process may 
be of quite a different nature is indicated by some interesting results 
of Nafe and Wagoner (220). They arranged a carefully controlled 
apparatus to permit weights varying between 8.75 and 70.0 gm to be 
placed gently on the leg just above the knee. The progress of the 
weight as it “sank” into the skin and compressed underlying tissue 
was followed with a sensitive recording system. Their results show 
that a weight, once placed on the skin surface, does not rest there 
but continues to move downward for a surprisingly long time. Pres- 
sure is felt just so long as a supraliminal rate of movement is main- 
tained. When tissue resistance reduces motion to an undetectable 
level the sensation fades out. The end point of “adaptation” has been 
reached. The conclusion is obvious: “complete adaptation” represents 
stimulus failure. The stimulus for felt pressure is tension set up within 
the pliable cutaneous tissues, and the intensity of the sensation pre- 
sumably is correlated with the degree of tension produced. Another 


interesting consequence of this view is that removal of 


a weight from 
the skin, 


once adaptation is complete, should result in the rearousal 
of pressure sensations, since tissue elasticity will cause new tensions 
to be created in the return to the original equilibrium state. The evi- 
dence is in line with expectations. So-called “after-sensations” of 
pressure are of regular occurrence under such circumstances, “Stimu- 
lation” is produced in the absence of any external stimulus. 


Temporal Pressure Patterns: Vibration. 


feeling of pressure, far from being simple, is organized in a pattern 
having intensitive, spatial, and temporal aspects. Certain of them are 
mainly notable for their temporal features. Chief among these are 
the feeling patterns commonly called “tickle” and “vibration.” 

That tickle falls in the family of pressure patterns is fairly obvious 
from direct observation. To and fro movement of a hair brings it 
out, as does light brushing of the lips or other sensitive hairless 
regions. It is less clear that the vibratory pattern is based on the 
operation of pressure receptors. Indeed, until relatively recently, when 
full proof became available, much doubt existed concerning the essen- 
tial connection between vibration and pressure. 
controversy, elsewhere reviewed by the author (112), continued for a 
half century between those who viewed vibratory sensations as "pres- 
sure in movement" and those who held that there existed a separate 
"vibratory sense" with its own special receptors and nerve supply. We 
cannot go into all the arguments. Suffice it to say that the controversy 


It has been seen that each 


A very considerable 
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may now be said to have been resolved in favor of the conclusion that 
the vibratory pattern is in fact “pressure in movement. It is only 
necessary to know something of the skin mechanics involved in vibra- 
tion to come to an understanding of the phenomena that led to the 
mistaken postulation of a special "vibratory sense." 

Let the base of a tuning fork or other vibration generator be placed 
on the skin, and there is felt an intermittent “whirring,” somewhat in- 
definite in localization especially if bony tissue lies directly under the 
point of application of the fork. Vagueness of localization, a mislead- 
ing cue in that it seems not to suggest mediation by the somewhat 
precise pressure sense, can be shown to arise from the fact that vibra- 
tory motions impressed on the skin travel great distances, with very 
little loss, through cutaneous and subcutaneous tissues. Bones are 
especially good conductors. Widespread transmission of the vibra- 
tory disturbances, in all directions from the generator, prohibits the 
Possibility of confining the stimulus to a local region. A very extensive 
feeling pattern, poorly localized, is set up 2$ a result. From such 
gross experiments one gets little hint that the mechanism responsible 


for pressure reception is actually involved. 
However, it is possible to design an experiment in such a way as to 
show the basic identity of the two sensitivities. If, instead of a broad 
kly vibrating needle or 


contacting surface, one uses a small, very wea 
hair and makes a systematic exploration of a given skin area, one finds 


the kind of local variations in sensitivity 50 characteristic of pressure. 
Vibration, like pressure, is distributed in a punctiform manner. AE, 
now, within such an area there are isolated for study two populations 
of “spots,” one highly sensitive to pressure and the other having very 
OW sensitivity (requiring gentle and steep gradients, respectively, to 
elicit pressure sensations from them), one can ascertain with some pre- 
Cision their responsiveness to vibration. It is necessary only to set the 
exploring needle in motion, at some preselected frequency, and deter- 
mine the minimal amplitude that will bring out a just detectable 
whirring” sensation. If this is done one finds pressure-sensitive spots 
to have very low and consistent vibratory thresholds, while those show- 
Mg poor pressure reception require large amplitudes, varying greatly 
rom spot to spot, to produce feelings of vibration (118, 115, 804). The 
Tesults of one such experiment, involving extensive measurements on 
ten pressure-sensitive and ten pressure-insensitive spots lying within 
an area of 2 cm? on the volar side of the forearm, are presented in 

18. 70. Five test frequencies, from 64~ to 1024— in octaves, were 
"Sed. On the average; pressure-sensitive spots in this region require 
About 0,095 mm excursions of the needle point, apparently irrespective 
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of the rate of repetition, to call forth the discontinuous, E 
tion. Insensitive spots need many times this amount, some o ud 
requiring amplitudes of the order of half a millimeter. The ud 
tion is strong, from such experiments, that DEGSSUEG sensitivity ans 
vibratory sensitivity go hand in hand, the activity of identical receptors 
being involved in both. 
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Fic. 70. Vibratory thresholds for two populations of cutaneous “spots,” one highty 

sensitive to pressure, the other highly insensitive. The loci previously determined 

to be pressure-sensitive have low thresholds to vibratory motion at all frequencies. 

Pressure-insensitive spots are relatively insensitive to vibration. The dotted lines 
show variability of measurement. From Geldard, 114, 


Whereas, in the lower curve of Fig. 70, frequency of stimulation 
seems not to be a determining variable, this conclusion cannot be 
generalized for all skin areas under all conditions, On the contrary, 
vibratory sensitivity has been shown under certain circumstances to 
be a function of frequency. If, instead of delivering the vibrating 
stimulus to a highly sensitive pressure point situated in a region hav- 
ing a somewhat sparse distribution of receptors, one applies a rela- 
tively large contactor to the finger tip, say, it will be found that the 
vibration frequency selected is a matter of some importance. Several 
well-controlled experiments are in virtual agreement as to the shape 
of the frequency function, Figure 71 combines the results of four 
such experiments, all using the finger tip as the stimulated area, and 
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shows that there is an optimal frequency in the neighborhood of 
250~. There can be little doubt that, for areal stimulation in a highly 
sensitive region, thresholds will in part be a function of the frequency 
with which impacts are repeated. The difference between the shapes 
of the curves in Figs. 70 and 71 has never been satisfactorily accounted 
for, and further research along these lines is certainly indicated. 
Another question poorly answered as yet concerns the upper and 
lower frequency limits for vibratory sensation. What, in cutaneous 
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Fic. 71. The frequency 
results of four investigators have been com 
tively large contactors applied to the tip o 

for needle-point stimulation at the wrist. 


Vibration, corresponds to the 20 to 20,000~ range in hearing? The 
Problem of the vibratory upper limit is complicated, as it is to a lesser 
degree in hearing, by the necessity of producing very high-frequency 
oscillations of a mechanical contactor at relatively large amplitudes of 
Movement. Driving a phonograph “cutting head” at frequencies of 
the order of 10,000~ and with a 50-watt amplifier, the author has suc- 
Ceeded in getting, at the finger tip, fleeting but definite “bursts” of 
vibratory sensation. That the tissue is actually conducting forced vi- 

rations of this frequency and that the phenomenon is thus not arti- 
factual is attested by the fact that the stimulus frequency, and no 
Other, may be detected by a crystal “pickup” several millimeters dis- 
tant on the skin surface from the stimulus needle. The upper limit 
may be even higher than this; thus far instrumentation has not been 
entirely adequate to a correct solution. 

The lower limit is also in doubt, though the failure to provide a 
definite answer here is not the result of inadequate apparatus. The 
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observational difficulties are similar, in most respects, to those con- 
fronted in establishing the lower limit of tonal perception. As fre- 
quency is raised, at what point does the appreciation of discrete im- 
pacts pass over into “vibration”? Some experiments have placed it 
as low as 10 per second; others would have it as high as 80. Knudsen 
(186), taking as a criterion the entrance of a “tingling” sensation, as 
opposed to the feeling of separate shocks, got an average lower limit 
of 15.8~. It is probable that, were the facts fully known, the lower 
limit would be found to be dependent upon the energy of the vibrator, 
as is the case in hearing. The matter needs study. 


Vibration, Pressure, and Skin Temperature. 
adaptation point to a mechanical rather than 
of the operation of the pressure sense, those 
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studies speak otherwise. Vibratory sensitivity is known to be a func- 
tion of skin temperature. Precise measures of the effect of warming 
and cooling the skin on thresholds of vibration have been obtained by 
Weitz (305). Figure 72 reproduces the threshold-temperature func- 
tion for two separate loci at the wrist. Threshold amplitude at normal 
Skin temperature is taken as unity, and percentage changes in ampli- 
tude of excursion necessary just to elicit the vibratory feeling are 
plotted against decreases and increases in surface temperature of the 
skin region in which the stimulated point lay. The complexity of the 
function—marked reduction in sensitivity (raised thresholds) with 
initial cooling, enhancement of sensitivity with mild warming, and 
Subsequent sharp decline with continued heating—seems to call for 
interpretation in other than mechanical terms. Some form of chemical 
hypothesis, perhaps one which entails the operation of a catalyst and 
its destruction at high temperatures, seems more congenial to the facts. 
Incidentally, if further proof were needed, the correspondence be- 
tween vibratory and pressure sensitivities is made even more certain 
by the fact that pressure receptors show a similar dependence on 
temperature, pressure thresholds being related to skin temperature by 
à concave function with maximal sensitivity between 36° and 38° C. 


(8), just as with vibration. 


Other Pressure Patterns: Touch Blends." If we forsake, for the 
moment, the approach to the study of cutaneous sensitivity by way of 
carefully controlled experiments and pay some attention to the role of 


the skin in its daily task of gathering information about external objects 


and situations, we are led to view it as a remarkably discriminative 
> 


organ of sense. We commonly make entirely correct judgments, on 
the basis of “feel” alone, concerning hardness or softness, roughness or 
Smoothness, wetness or dryness, stickiness, oiliness, and a host of other 
object qualities. Even with auditory cues excluded, tapping with a 

nger nail is often sufficient to determine whether an object is made 
of wood, metal, or plastic. In nearly all such discriminations move- 
Ment of the skin relative to the object is a necessary condition; a 
of cutaneous excitation is involved. Let the 

nger tip rest gently on an unfamiliar surface, and, whereas something 
of its hardness or softness may be estimated, nothing will be learned 
of its roughness or smoothness. Movement of some degree is essential 
to the latter judgment. The amount of relative motion can be very 
Slight and still yield a correct impression. A brief tap, lasting no more 
than Voo sec, has been found in some experiments to be enough for 
Complete identification of the material touched (178). The “threshold 


Spatial-temporal pattern 
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for roughness,” if sufficient movement of the exploring finger tips is 
allowed, is also surprisingly small. A lightly etched piece of glas 
having eminences no higher than 0.001 mm can be successfully dis- 
criminated from an entirely smooth one. Assuming a little familiarity 
with the characteristic “feel” of materials one can make very nice dis- 
criminations of roughness and smoothness; “cloth feelers” are able to 
make their living at it. Since movement is the cue, there is little mys- 
tery about the essential mechanism responsible. Slight disturbances 
imparted to a sensitive skin area send vibratory “shock waves,” rela- 
tively unimpeded, to large numbers of pressure receptors. Coating the 
fingers with a thin layer of collodion or interposing an unyielding stick 
between the material to be “felt” and the fingers makes very little 
difference in accuracy, as might be expected. The important thing is 
that the shocks be transmitted to the sensitive receptors, there to set 
up the complex spatial-temporal excitation pattern characteristic of 
“roughness.” 

Pressure sensations enter into a number of other complex cutaneous 
patterns or “touch blends.” The pressure component can be analyzed 
out by painstaking observation and, once identified, can sometimes be 
artificially recombined with the other constituents of the blend to 
produce, synthetically, the original complex. As in chemistry, the test 
of analysis is synthesis. Thus “wetness” seems always to have a pres- 
sure component and one of cold. Is moisture also necessary in the 
stimulus? The analysis and subsequent synthesis were originally per- 
formed about a half-century ago by Bentley (32). He demonstrated 
that a cold pressure, uniformly distributed over the stimulated area, 
would produce the feeling of “wetness.” Moisture is quite unneces- 


sary. Dip into cold water a finger kept dry with lycopodium powder 
or with a thin rubber membrane, and the feeling will be quite as “wet” 
as without such protection. 


Other synthetic experiments have been performed with more or less 
success (45, p. 509 f.). Thus “oiliness” reduces to we 
companied by warmth, with movement enh: 
ness” is an even, cold pressure with 
requires an uneven, warm 
takes a variable and moving pressure, while “clam 
tially “a cold softness perceived with mov 
unpleasant imagery.” Complications of 
sible, of course. Indeed, it is held by 
emotions are made up in just this w 
sis of anxiety, lov 
simple qualities 


ak pressure ac- 
ancing its reality. “Hard- 
a good boundary, while “softness” 
pressure of poor boundary. “Stickiness” 


miness” is essen- 
ement and supplemented by 
a still higher order are pos- 
one school of theorists that felt 


i ay and that a thoroughgoing analy- 
e, or disgust would reveal them to be compounded of 
belonging to the cutaneous and internal senses. 
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The Search for Pressure Receptors. The widely accepted current 
belief is that pressure sensations and their variants are mediated by 
two sets of cutaneous receptors, (1) free endings of nerves prolifer- 
ating around hair follicles, in hairy regions of the skin, and (2) 
Meissner corpuscles, in hairless parts of the body. It should be said 
straightway that this is a matter of belief; it is far from being one of 
incontrovertible fact. The argument for these two structures as the 
pressure receptors rests almost exclusively on the known facts of dis- 
tribution. The common occurrence of high points of pressure sensi- 
tivity “to the windward of hairs" is, of course, very suggestive. As has 
been seen, histological examination of skin sections reveals hair bulbs 
to be well supplied with sensory terminations, the masses of bare nerve 
endings proliferating so freely around the bases of hairs as to have 
earned for them the name “basket endings.” These, then, are probable 
pressure receptors. What about the hairless regions of the skin? Pres- 
sure receptivity and discriminability are very high in the lips and parts 
of the hands and feet where there are no hairs. The guess has been 
that Meissner corpuscles, conveniently situated in the papillae of the 
corium in these regions, have the proper location and distribution to 
Serve as pressure receptors. Indeed, histologists have designated the 
papillae housing Meissner corpuscles as tactile" papillae out of def- 
erence to this belief in their function. Vital staining with methylene 
blue of a finger about to be amputated has Successfully revealed, in 
Subsequent sectioning of the skin, the distribution of Meissner cor- 
puscles and their innervation (299). It appears that Meissner cor- 
Puscles occur in groups of two or three, rarely poca Spe ten 
Such groups may be found in an area as small as mm, 3 he oe 
fibers leading to corpuscles approach the cluster ae various direc- 
tions, suggesting that considerable overlap from disparate sensory 

bers may be the rule of innervation. aes Eun 

Over against this conventional view ‘are: severa eed 3s p evi- 
dence which can only be interpreted as indicating Ew sti ot png 
tures participate in the pressure response. ion own = a ermis 
at the finger tip with a sharp scalpel arouses on y cie se s3 pres: 
Sure and, so long as any of the epidermal layers are le 6 gi e 
Sations can be elicited. Cutting further, into the ee produces 
Pain. Since the only known structures to penetrate the epidermis are 
free nerve endings, these are naturally suspect as E Min pi 
Moreover, microscopical analysis of the parings reveals end ings of 
fine nerve fibers terminating in “loops and figures" (298). Supporting 
evidence for the free nerve ending as a pressure receptor comes also 


from comparative studies. Action potentials recorded from single 
ara 
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nerve fibers in the dorsal cutaneous nerve of the frog (4) ras rod 
acteristic high-speed discharges when the corresponding skin Mes d 
stimulated. If the epidermis is scraped away the tactile resp "s 
pattern is obliterated, and in its place there appears a pene d : . 
charge of slow impulses Wr, ead from the effect typically pro 
the "pain" of acid on the skin. 
reis to identify the receptors by mapping the skin carefully for 
pressure sensitivity, excising the underlying tissue, and * peret : 
thoroughgoing histological examination of it have been, in capi 
quite disappointing. There is ordinarily no dearth of free nerve en 
ings in the stained tissue, but the expected specialized structures, such 


as Meissner corpuscles, are mainly notable for their absence. One 


promising exception is on record in the study performed by Gilmer 
and Haythorn (121, 120). Excising tissue centering on known spots 


of high pressure and vibratory sensitivity, they found only one neural 
structure, the glomus body, recurring sufficiently often to suggest its 
possible candidacy for inclusion among the specialized pressure re- 
ceptors. The glomus, a typically coiled and ball-like junction be- 
tween tiny arterioles and venules, has a rich nerve supply. Its func- 
tion has generally been assumed to be a vasomotor one, concerned 
with the regulation of peripheral circulation, but if it eventually proves 


to be sensory the distribution would be “right” for pressure reception, 
especially in the hairless regions of the body. More evidence is needed 
for a decision. 


If much uncertainty exists about the end organs responsible for 
pressure, there is less concerning the nature of the nerves conducting 
pressure impulses. Any nerve leading away from the skin will show 
considerable size variation in its constituent fibers, The speed with 
which impulses are conducted along individual fibers is known to be 
a function of their size; the larger the fiber, the greater its conduction 
velocity. The rule is: speed, in meters per second 
diameter, in thousandths of millimeters. 
animal preparations are put out of operat 


such as cocaine, not all fibers drop out s 


fibers are narcotized first, then larger ones, and finally those of greatest 


diameter, In humans it is found that similar narcotization results in a 
progressively selective loss of sensitivity; 


> is six times 
Now, when sensory nerves in 
ion by infusion of a narcotic, 
imultaneously. The smallest 


ught about by press 
when the foot “goes to sleep”) there is al 


appearance of dermal Sensations, though 
order is not the same. Pressure and cold 


ure block on nerve (such as 
so a differential order of dis- 
in this asphyxia situation the 
disappear first, then warmth 
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and pain. It can be shown by suitable experiments on animals that 
it is the large-diameter fibers that first fail of conduction in compres- 
sion blocks. Entirely consistent results also come from observations 
on the return of sensitivity following experimental anesthesia. Whereas 
the differential rates of loss and recovery are not sufficiently clear-cut 
to permit the complete sorting out of all forms of cutaneous sensitivity 
by this technique, one conclusion seems inescapable: pressure sensi- 
tivity must be mainly mediated by fibers of relatively large diameter, 
the so-called “A group” of fibers ranging from 1 to 20 y in cross section 
(chiefly 8 to 12 p) and having conduction rates of 6 to 120 m per 
Second. The great question is how these fibers are selectively dis- 


charged in the first place. 


Cutaneous Pain. Pain may be brought forth by a great range of 
stimuli, in fact by agents belonging to all classes of stimuli capable of 
arousing the skin to sensory activity: mechanical, thermal, electrical, 
and chemical As a consequence, pain has a great many modes of 
appearance. The following terms descriptive of pain, demonstrating 
the richness of our language in this respect, have been catalogued by 
Dallenbach (74, p. 614): achy, beating, biting, boring, bright, burning, 
Clear, cutting, dark, digging, dragging. drawing, dull, fluttering, gnaw- 
ing, hard, heavy, itchy, nipping, palpitating, penetrating, piercing, 
pinching, pressing, pricking, quick, quivering, radiating, raking, sav- 
age, sharp, smarting, squeezing, stabbing, sticking, stinging, tearing, 
thrilling, throbbing, thrusting, tugging, twitching, ugly, vicious. It is 
clear that some of these terms characterize the temporal aspect of the 
feeling pattern, others it spatial dimension, others the blend with 
Pressure or temperature, while some appear to have reference to asso- 
ciated forms of emotional response. Pains are patterned so variously, 
in fact, that it is difficult to find a common principle holding them all 
together, 

The independent status of pain as a separate cutaneous sense re- 
Mained in doubt for a long time. Indeed, some scientists currently 
defend the position that pain is not a distinct unitary form of sensi- 

ility but that it always results from overstimulation of one or another 
Of the other senses. Throughout the ages pain has been considered, in 
Various philosophical systems, as very general and pervading in its 
Nature and has, in consequence, been juxtaposed to pleasure as a form 
For both Plato and Aristotle pain was a “passion of the 
ditional view was a long time with us. Only com- 
on the basis of compelling experimental findings, 


of emotion. 
Soul,” and this tra 
Paratively recently, 
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has pain come to be thought of as an independent member of the 
i taneous senses. 

ge or, like other cutaneous sensations, comes patterned. It 
seems possible to distinguish two radically different sorts of pains E 
the basis of typical "feel" and localization and, since the histologica 
discoveries of Weddell and his associates (300, 301, 90), on the pre- 
sumed anatomical bases for them. In general, pain from the super- 
ficial layers of the skin is *bright" in quality, ordinarily is relatively 
Sharply localized, and tends quite uniformly to elicit prompt with- 
drawal reactions. It does not matter which of several methods of 
stimulation are used. Pain resulting from a light, quick touch with a 
heated wire, a brief pulse of electric current, a quick tug of a hair, 
or a jab with a fine needle all feel exactly alike to a subject if care is 
taken to keep away from him supplementary information concerning 
the stimuli employed or if their nature is masked by a neutral accom- 
panying stimulus. All pains induced by these means are brief ones; 
they are all uniformly reported by the subject as "pricking" pain. Simi- 
larly, if any of these stimuli is allowed to function in a more prolonged 
manner the uniform report will be that of "burning" pain. Sir Thomas 
Lewis (199, p. 39) has said, "The difference between ‘pricking’ and 
‘burning’ pain is not one of quality or tone, it is purely one of dura- 
tion.” There is some doubt that the difference is "purely" one of 
duration. When later we come to consider the debated question of 
the "double pain response," we shall see that there are other possible 
differentia of pricking and burning pain. 

Pain sensations originating in deeply disposed tissues 
like skin pains. Deep pains have a dull, a 
ant character, and lead more commonly 
affected part. They are ordinarily 
tion; in fact, gross errors of loc 
have widespread reflex accom 


fall in blood pressure, nausea 
cations are never 


are quite un- 
ching, much more unpleas- 

to immobilization of the 
far more difficult of exact localiza- 
alization are the rule, 
paniments—slowin 
, and sweating, 
accompaniments of superfici 


If intense, they 
g of the heartbeat, a 
These organic compli- 
al cutaneous pain. 
Intensitive and Differ 
be aroused in 


l rmit quantification of painful effects 
Mechanical stimulators must either impair tissue or produce radical 
deformations in it if they are t 


rol in that they can- 
n is somewhat more 
events intervening 
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between the application or withdrawal of heat and the discharge of 
sensory impulses must be a very complicated affair in a system having 
as a prominent feature a self-regulatory temperature mechanism. 
However, the production of pain by thermal stimuli currently offers 
the best possibility of experimental control for measurement purposes, 
as we shall see. 

Classic techniques employed in attempts to measure pain thresholds 
have involved a considerable variety of “algesiometers,” for the most 
part weighted needles, stiff hairs or hairs to which thistle spines have 
been attached, glass fibers, and similar graded mechanical contrivances. 
In the hands of von Frey remarkable consistency of measurement was 
achieved with calibrated hairs. He was able to demonstrate that the 
pain threshold for a given skin area is constant and is proportional to 
the hydrostatic pressure (grams per square millimeter) exerted on the 
tissue. A nice confirmation of these old experiments has resulted from 
the recent work of Bishop (38). He prepared stimulators consisting of 
tiny balls of solder impaled on and cemented to needle tips and arranged 
a graded series of them. With such stimuli and over the range 0.2 
mm to 1.5 mm diameter, the threshold of pain is reached, irrespective 
of stimulus diameter, when the lower hemispherical surface of the ball 
tip has just been pressed into complete contact with the skin surface. 
The formula covering all cases is, as it was for von Frey’s 1896 experi- 
ments, gm/r? = K. It may be inferred from this general relation that 
the constant factor in pain arousal is lateral stretch of cutaneous tissue. 
Bishop goes further and believes that “lengthwise stretch of nerve 
terminals appears to be the effective stimulus for pain endings in 
mechanical distortion of the skin." There are several known facts of 
pain sensitivity that make this supposition credible. Unless inflamma- 
tion has intervened to complicate the situation, any sharp cut through 
the epithelium will prove painful when the skin encompassing it is 
stretched. However, under the same general circumstances relative 
immobilization of the tissue with collodion will prevent the appear- 
ance of pain. It is a well-known surgical phenomenon that pain may 
be produced by the stretching of unanesthetized internal organs, 
whereas cutting of the same tissue may not be an effective precipitant 
Of pain. 


Pain as a by-product of intense therm | a 
Phenomenon. Experiments with the “burning glass" extend back into 


the last century. A radiant-heat method of measuring pain thresholds 
which has come into clinical prominence recently is that devised by 
Hardy and his associates (145). The schematic arrangement of their 
apparatus is shown in Fig. 73. Light (and heat) from the 1000-watt 


al stimulation is a familiar 
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lamp, L, is focused by a lens, C, through an aperture onto the fore- 
head of the subject, H. S is a secondary shutter, operated manually 
and opened just before the stimulus is to be given. The primary shut- 
ter, P, is regulated by a pendulum and provides a stimulus duration 
of exactly 3 sec. Heat intensity is regulated by the rheostat, RH. R 


BH. —-—— 


Fic. 78. "The radiant-heat technique for n 
from lamp, L, is directed by the conde 
forehead of the subject. An automa 
3 sec. In successive trials the leve 
variation of the rheostat, RH, until th 
the closing of the shutter. Substite 
permits calibration in energy units, 
Wolff, and Goodell, 145. By permissi 


neasuring pain thresholds. Radiation 
nsing lens, C, through a shutter, S, to the 
tic shutter, P, allows an exposure of exactly 
l of operation of the lamp is increased, by 
e subject feels a sharp stab of pain just before 
ution of the radiometer, R, for the forehead 
From Wolff and Wolf (317) after Hardy, 
on of Charles C "Thomas, publisher, and the 
authors, 
is a radiometer, substituted for the subject's forehead at the time of 
stimulus calibration. If the radiometer itself has been calibrated 
ay then be stated in gram-calories per 
The method of 


y blackened with India ink to provide 
n skin surface, Care must also be taken 
tween trials; a 30- to 60-sec inter-tria] 


rest period is therefore allowed 
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Measurement of the pain thresholds of a large number of normal, 
healthy people by this technique revealed remarkably little variation 
from person to person, or from day to day in the same person (255). 
A group of 150 subjects gave a mean threshold of 0.206 gm-cal/ 
sec/cm?. The method appears to be a sensitive one in that the effects 
of analgesic agents such as morphine, codeine, and alcohol have been 
shown through its use to raise the pain threshold enormously—as much 
as 70% in the case of morphine sulfate (317, p. 20)—while leaving other 
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sensory thresholds (touch, hearing, smell, vibration, and two-point 
tactual discrimination) relatively unaffected. 

The same method has permitted measurement of the differential 
pain threshold, a practical impossibility with mechanical techniques. 
Hardy, Wolff, and Goodell (146) determined first the approximate 
limits of painful stimulation with their radiant-heat apparatus. For 
the standard 3-sec exposure the absolute threshold for pricking pain 
lay at 0.220 gm-cal/sec/cm? (220 millicalories, for short). The prac- 
tical upper limit was found to be at about 480 mcal; above this value 
inconvenient burns were induced. Between the limits of 220 and 480 
meal there were found 21 j.n.d.’s of intensity. Between the threshold and 
about 320 mcal, AI increases in such a way as to render the Weber 
fraction, AI/I, roughly constant at 0.03. Above this point the ratio 
grows larger. Hardy, Wolff, and Goodell have suggested that the 
intensitive series in pain is capable of scaling, and they have accord- 
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ingly proposed the “dol” as a unit of pain intensity. The dol is ors 
to 2 jn.d's. This roughly provides a decimal scale between pa s 

ng” pain. F igure 74 is a graphic representation E 
their pain scale ( considerably idealized, because the AI measuremen : 
are really very crude ones statistically), The energy range ot 
lower and upper thresholds is, of course, a narrow one. The 21 dis 


: p re 
criminable steps are embraced within an energy ratio of little mor 
than 2:1. It is interesting 


, 1 

to compare the lower pain threshold 

the point farther down the scale at which warmth is first detected. 
There are some 90 steps in 


es 
this range, and the two energy value 
involved stand in the ratio of 2000:1, 
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Distribution of Pain Sensitivity, Pain has 
throughout the body. For most are 
stimuli pain “points” Or “spots” a 


; istribution 
an interesting ———Ó 
P : " riate 
as of skin and with appropria 


: à Ve can 
Ppear in great profusion. (We ca 
gm « > s : tion 
be sophisticated about “spots” now after having seen in connectio 
p I ; g 


with pressure sensitivity that the "spots" are artifacts of experimental 
procedure!) Table 3, derived from the Work of von Frey's laboratory; 

TABLE 8, DISTRIBUTION op PAIN SENSITIVITY 
After H, Strughold (275) 
Skin Region 


Pain “Points” /em? 
Back of knee (popliteal fossa) 


232 
Neck region (jugular fossa) 228 
Bend of elbow (cubital fossa) 224 
Shoulder blade (interscapular region) 212 
Volar side of forearm 203 
Back of hand 188 
Forehead 184 
Buttocks 180 
Eyelid 172 
Scalp 144 
Radial surface, middle finger 95 


Ball of thumb 60 
Sole of foot 


48 

Tip of nose iss 

gives some representative 
regions of the body with 
number of “points” found 
since alteration of the shar 
exerted by the hair attach 
of pain “spots” reported, 


results of systematically exploring various 
a spine-tipped hair. Whereas the absolute 
in a unit area may not be too significant, 
pness of the stimulus point or of the force 
ed to it would certainly change the iber 
identical procedures were used for a skin 
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samples, and the results for the several regions are therefore presum 
ably comparable with each other. 

It is interesting to note that the “hollows” of the body conformation, 
the fossae, are among the most readily responsive areas. In passing 
from the base to the extremity of a limb provisions for pain reception 
tend to decrease; the reverse is the case for pressure sensitivity. 

Two highly sensitive tissues, not included in Table 3, are the cornea 
of the eye and the tympanic membrane of the ear. The most exquisite 
pains in the body can originate from these sources. The cornea is of 
special interest, since it is widely held that this tissue is devoid of all 
In fact, the cornea may be said to be a 
veritable battleground on which has been waged for at least half a 

ruggle concerning the neural basis of 


century a crucial theoretical st 
pain. We shall have to take a good look at the evidence for unique 
he question of the receptor 


properties of the cornea when we come to t 
System for pain. 

Certain areas of the body are relatively analgesic, and a few are 
apparently totally so. Among the former may be counted the mucous 
lining of the cheeks and back parts of the mouth, including the rear 
Portion of the tongue. The lower half of the uvula is completely in- 
Sensitive to pain, as is also a small region of the inner cheek opposite 
the second lower molar, sometimes called Kiesow's area. Evidence 
coming chiefly from surgical experience points to the generality that 
the “solid” organs of the abdominal cavity are insensitive to direct 
Stimulation, assuming no inflamed or diseased condition to be present. 
The same may be said for the alimentary canal from the stomach to 
the rectum and for the gall bladder. The “hollow” viscera, especially 
those lying in the upper part of the abdominal cavity, may produce 
Dàin, sometimes quite severe, when under traction. Probes inserted 
into skeletal muscle, tendons, fascia, and periosteum reveal these tis- 
Sues to be supplied with pain endings, though not too liberally in the 
case of large muscle bundles. Hypodermic injection of irritant solu- 
tions into these organs demonstrates the same thing. The bone cover- 
ings are especially sensitive, pain from them partaking more of the 
quality of superficial cutaneous pain and being capable of somewhat 


accurate localization. 


Sensitivities except pain. 


Pain Adaptation. Pain has been widely held to be incapable of 
adaptation. Its apparent failure to fade out on continued stimulation 
has led to this belief, and certain biological views concerning the sur- 
Vival value of pain have tended to perpetuate it. Dallenbach (73) 
has summed up the classic argument (preparatory, it should be added 
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hastily, to showing its falsity): “Pain is deleterious; adaptation would 
be of anti-survival value, as organisms that become adapted E pain 
would, in the long run, not survive; hence pain is és im e. " 

The failure to recognize the adaptability of pain equa i he 
same sources that prevented for so long a time any sort of quanti e 
tion of results where pain is concerned—difficulties inherent in con ro 
of the conditions of stimulation. Headaches, toothaches, and pains 
from injuries inevitably involve constantly changing conditions at the 
site of stimulation, chiefly rhythmic ones based on circulatory events, 
It is the case in all the other sense fields that the course of adaptation 
is revealed only when steady stimulation is maintained. Pain should 
be no exception. é 

The simple fact is that pain is not an exception in the sensory realm, 
and it is revealed when care is taken to provide an unvarying stimulus. 
Many experiments, some of them performed more than 80 years ago, 
have demonstrated the reality of pain adaptation. A particularly help- 
ful series of studies has been made by Dallenbach and his students 
(73, pp. 845-846). They aroused pain by mechanical means ( sharp 
needles, the applied pressure being carefully regulated), by intense 
warmth (radiant heat, without pressure accompaniment), and by cold 
(a dry-ice stimulator, likewise pressureless). With the needles the 
typical course of adaptation was a gradual reduction of pain intensity 
to the point of disappearance, residual pressure sensations replacing 
the pain. When heat was used the first sensation reported was nat- 
urally warmth; this developed into weak pain which became pro- 
gressively intensified. From the peak intensity it gradually subsided, 
returning eventually to warmth. Likewise, cold stimulation produced 
feelings of “cool,” then “cold,” and eventually pain. After remaining 
at a high degree of intensity for a time it declined gradually to “cold” 
and, finally, to “cool.” These events are precisely what would be ex- 
pected if pain adapts independently of the other cutaneous modalities, 
All three experiments reveal, as residual effects, the types of sensation 
inherent in their appropriate stimuli, Strong pressure elicits pain but 


leaves as a residue, when pain has adapted out, a pressure sensation, 
Heat leaves warmth, and cold, cold. 


These adaptation experiments, incidentally, 
ing on an old controversy. Earlier in this ch 


that the view still persists that pain is not a separate and distinct form 
of sensibility but that it invariably results from overstimulation of some 
other sense mechanism. This theory is an old one and was chiefly 
espoused by Goldscheider. His controversy with von Frey on the 
subject is classic. It still resounds in the literature. 


have an important bear- 
apter it was pointed out 
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That pain is a separate and distinct sense is a belief of great an- 
tiquity. The crude beginnings of a theory incorporating this supposi- 
tion have been traced to Avicenna in the eleventh century (73). On 
the basis of a considerable body of accumulated evidence—and not a 
little speculation—von Frey made the theory quite specific. For him 
not only was pain a system of sensitivity apart from pressure, warmth, 
and cold but it was mediated by receptor organs of its own, free nerve 
endings. The “factual” evidence, in 1894-1897 when von Frey was 
stating his theory, was concerned largely with: (1) the distribution of 
pain points; (2) the differential action of anesthetics on pain and 
other tactual sensitivities; (3) threshold determinations; (4) the ap- 
parent pathological separation of pain from other tactual systems in 
diseases of the cord and brain; (5) the relatively long latency of pain 
sensations following stimulation; and (6) the uniqueness of certain 
areas, such as the cornea of the eye( ?), in yielding only pain sensations. 

Goldscheider, on the other hand, believed that the body possessed 
no separate system of nerves for the mediation of pain. He did not 
fall into the error, made by so many earlier theorists, of supposing that 
onsequence of overstimulating just any sensory 
nerve. Dazzling lights, loud noises and shrill tones, intense heat and 
cold, and pungent odors can all be “painful, but this is to be explained 
satisfactorily on the basis that pain has an entirely ubiquitous distribu- 

There is no mystery about this. Pain endings are 
with all organs of sense as with many other organs, 
and, given the appropriate muscular tensions and other reactions of 
associated tissue, pain is likely to result. Goldscheider’s view was that 
pain is relatively specific in the sense that only one cutaneous system 
was responsible for it; the system was that responsible also for pres- 
and pain differ from each other intensively. What is 
ain on more intense application of 


pain was a very general c 


tion in the body. 
found associated 


Sure, Pressure 
pressure on weak stimulation is p 
the stimulus. Summation of pressure impulses in the gray matter of 
the cord produces painful sensations. — 
One of the consequences of this view is that pain, upon being suffi- 
ciently weakened, should change into pressure. The adaptation ex- 
periment becomes critical for deciding between von Frey and Gold- 
Scheider, and, as we have seen, it fails to support the latter's conten- 
tion. Pain, in the course of adapting, becomes progressively less in- 
tense and finally disappears without passing over into pressure. "That 
is, it fails to leave a residue of pressure unless the adaptation stimulus 
is a pressure stimulus as well. Mechanical stimuli cannot answer the 


question, but thermal stimuli do so quite decisively. 
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Identification of the Pain Receptor. As we have seen, the wide- 
spread distribution of free nerve endings throughout the body very 
early formed the basis for the belief that these organs are the re- 
ceptors for pain. The view has not often been challenged. That the 
free nerve ending is the pain end organ is a common textbook state- 
ment. We need not accept it entirely on faith, however; there is 
imposing evidence to be considered. 

The best support for the correlation of pain sensitivity with activity 
of free endings is perhaps the incontrovertible fact, which impressed 
von Frey and others long ago, that unencapsulated terminals of sensory 
nerves exist generally throughout the body. Plexiform arrangements 
of fibers ending in minute skeins, loops and whorls, brushes, knobs, 
and fine twigs abound within and beneath the epidermis and are pres- 


ent in mucous membrane and in a great variety of somatic and visceral 


organs. These elaborate neural designs seem anatomically to be but 
variations on a main theme. Their distribution 
spread to coincide with that of pain sensibility, so far as can be judged 
from the available evidence. At least, there is no encapsulated ending 
having a similarly broad and rich distribution. 

If an area could be found which possessed only p 
which, at the same time, revealed only 
be present, this would be Strong evidence indeed for a firm correla- 
tion between mode of sensation and neural structure. 
course, the possibility would remain that, in other areas, different 
mechanisms might also mediate pain, but at least one certain correla- 
tion would exist. The cornea of the eye has been held to provide 
exactly the instance sought. It has been repeatedly claimed that the 
cornea contains only free nerve endings and that pain is the only 
sensation of which the cornea is capable. It does indeed seem to be 
the case that the central portion of the cornea has but one type of 
sensory innervation. Its neural arrangements, a somewhat elaborate 
network of inter-digitating free terminals, have been described in care- 
ful detail by Tower (283). So much for one side of the correlation. 
However, in completing the other side, pain as 
corneal stimulation proves to be a factual disappointment. The cornea, 
to be sure, has tremendous capacity for generating pain. Ask anyone 
who has suffered from a corneal ulcer! Indeed, very special conditions 
have to be imposed to arouse anything other than pain in the cornea. 
However, it can be and has been done. Nafe and Wagoner (219) 
carefully lowered onto the cornea brass cylinders of the type used in 


thermal exploration of the skin. Stimulation was controlled mechan- 


ically by a pulley and counterweight arrangement in such a way that 


is sufficiently wide- 


ain sensitivity and 
a single neural mechanism to 


Logically, of 


a unique product of 
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a pressure not exceeding 1.5 gm was exerted on the tissue. A large 
series of stimulations of six subjects resulted in almost uniform reports 
of simple contact or pressure. One report was of “sharp contact.” 
No stimulations were painful. Apparently, direct observation under 
carefully controlled conditions reveals the central cornea to be capable 
of pressure sensations as well as painful ones. 

Another line of evidence points to the multiple sensitivity of the 
cornea. In 1938 there was introduced to neurosurgery Sjóquist's 
f of intractable facial pain. This operation in- 
volves cutting the bulbospinal tract of the fifth (trigeminal) cranial 
nerve and leaves the face completely analgesic. In cases so operated 
the cornea is found to have a remnant of sensitivity; appreciation of 
touch is retained, although pain is missing. The cornea, then, fails to 
provide the unique relationship sought. Perhaps there are other tis- 
sues with which we could do better. The inner reaches of the external 
ear, the tympanic membrane in particular, have been similarly consid- 
ered capable only of pain. Careful study of this region has not been 
attempted, mainly because of its relative inaccessibility, and an answer 
Is not yet forthcoming. 

Mesewdile there a other lines of attack on the problem. 5 One 
revolves around the much-discussed question of double pain and 
Some interesting histological findings connected with it. If pain is 
elicited by pinprick or intense heat applied to a finger or toe there 
may be noted two phases in the temporal course of the sensation. 
There is first a sharp, sudden pain, followed bya longer-lasting second 
pain. These two phases have been called fast pain” and “slow pain 
or “first” and “second” pain. There is not uniform agreement about 
the qualities possessed by the two. Some observers ed called s 
Pain “pricking pain" and slow pain burning nd ie gs y 
Well-qualified investigators have come to the conclusion 4 hat the two 
are qualitatively identi cal (37, pp- 82-83). Ofthe temporal Separation 
there seems to be little doubt. Figure /9 gives a schematic repre- 
sentation of the courses of the two pains and shows, in addition, the 
Prolongation of “second” pain in cases of peripheral neuritis. The 
significance of the double pain response 35 that, since both slow and 
fast pain must be set off at the receptor practically simultaneously, 
differences in nervous conduction rates must be responsible for their 
temporal separation in experience. In some admirably conducted his- 
tological experiments Weddell (300) has demonstrated that the pre- 
Sumed pain endings occur in connection with two types of fibers— 
those with myelin sheath (rapidly conducting) and those without 
(slowly conducting). Terminals of the myelinated fibers end just 


operation for the relie 
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beneath the epithelium, while endings of non-myelinated fibers are 
situated more deeply, in the corium and in relationship to tiny ve 
taneous blood vessels. The same investigator and his colleagues (321) 
had earlier shown that it is possible, by careful manipulation of a sharp 
needle, to arouse separately "first" and "second" pain. Whereas fast 
(and only fast) pain could be gotten by penetrating the skin to a depth 
of 0.25 to 0.50 mm, slow pain was obtained at a depth of 0.50 to 1.0 mm. 


"Burning" or 
"second" pain 


"Pricking" or yc 


Normal skin 
— —-— "Hyperalgesic" skin 


"first" pain — „7 Er. 


Pinprick Time in seconds 


Fic. 75. The course of “double pain.” The solid ] 
temporal course of "first" (pricking) pain and ^ 
from a pinprick. The dotted line shows the 
"second" pain in cases of hyperalgesia. 

Wolff, 35. By permission of the editors, J 


ine suggests the normal 
'second" (burning) pain resulting 
heightening and prolongation of 
From Bigelow, Harrison, Goodell, and 


ournal of Clinical Investigation, and the 
authors. 


The current conjecture is that the form 


charge of fibers in the A group (the delta elevation), while the latter 
initiate impulses in C fibers (37). If this is correct fast pain would be 
conducted over fibers ranging from 3 y to 6 y in diameter, while slow 
pain would be confined to those having a diameter of less than 1 p. 
We should not be misled by such guesses, however. Thus far there 
has been no simple sorting out of sensitivities by fiber size, and the 


available evidence seems not to promise that there will be in the imme- 
diate future, if ever. 


er may be responsible for dis- 


"Protopathic" Pain. Often, when cuts 
produce a local anesthesi 
bordering the insensitive region and separatin 
normal areas. This “zone” has special senso: 
other instances, where the extent of injury is r 
superficial branch of a sensory 


and other injuries to the skin 
a, there will be found an “intermediate zone” 


g it from surrounding 
ry characteristics. In 
elatively slight, only a 
nerve being involved, there will be no 
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absolute anesthesia but there will result a somewhat circumscribed 
area having the same special properties as the intermediate zone in 
more extensive injuries. The outstanding characteristic is the greatly 
altered quality of pain sensation evoked from the abnormal region. 
Though its threshold may be higher, the pain is exceptionally strong 
and unpleasant. Moreover, once aroused, it tends to persist and to 
radiate. Localization is diffuse and grossly inexact. Such a pain 
pattern is difficult to describe, and it has received a variety of names 
in the literature: protopathic pain, hyperpathia, paradoxic pain, hyper- 
algesia, “over-reaction,” dysesthesia. 


Fic. 76. Epicritic and protopathic sensitivity. Map of Henry Head’s hand and 

arm 1 month after the radial and external cutaneous nerves had been cut. The 

area marked A is still entirely anesthetic, while “protopathic sensitivity is found 

in area P and “epicritic” sensitivity, rarely occurring by itself, is in area E. From 

Boring, 45. By permission of the copyright owners, Appleton-Century-Crofts, 
New York. 


The British neurologist, Henry Head, performed an experiment a 
half-century ago that was destined not only to draw attention to this 
phenomenon but from which he was to derive a whole theory of 
cutaneous sensitivity (149). Several repetitions of Head's experiment, 
With modifications, have been performed over the Antenyenung years. 
They have been as much directed at testing Head's ingenious and pro- 
Vocative theory as at the final establishment of the facts of cutaneous 


innervation (296). 


Head, in cooperation with the psychologist, Rivers, and the surgeon, 


Sherren, cut two nerves in his forearm and studied the sensory losses 
resulting, Carefully following the course of the return of sensation as 
the nerves regenerated (see Fig. 76) he believed he had discovered a 
basic separation between two types of cutaneous sensitivity. The 
immediate consequence of knocking out the sensory supply to the 
forearm was that there appeared a region of total anesthesia. Sur- 
rounding this during recovery was an “intermediate zone” having some 
remnants of sensitivity but behaving in most respects unlike the normal 
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skin lying beyond. In the intermediate zone pain could be aroused, 
and it was a peculiarly disagreeable pain. High and low temperatures 
could be appreciated (above 45° C. and below 20° C.), but not mod- 
erate ones. Moreover, there was no discernible adaptation to these 
extremes of temperature. Pressures could be felt if heavy, but only 
coarse gradations of pressure strength could be appreciated. Head 
believed these symptoms to be those of a primitive nervous structure, 
now artificially dissociated from another, more highly developed one 
which was also present in normal skin. The primitive system he 
dubbed the “protopathic.” The later-regenerating system, the “epi- 
critic,” he considered to be a finely discriminative one and one which 
was probably phylogenetically a later development. 
system was superposed on the protopathic system of nerves and 
was responsible for partially inhibiting the latter's action. Epicritic 
functions included the mediation of light touch, fine intensitive grada- 
tions, temperatures between 25° C. and 40° C. (and their adaptation), 
and the spatial features of touch such as localization and two-point 
discrimination. Pain was never mediated by epicritic nerves. 

The protopathic-epicritic distinction was 
the concept has been used not only 
phenomena but, coupled w 


The epicritic 


appealing to many, and 
to interpret cutaneous sensory 
ith the further hypothesis that the proto- 
pathic system makes its appeal to the thalamus while the epicritic 
System has its central terminations in the cortex of the brain, the theory 
has been used quite generally as a basis for a broad neurological 
interpretation of behavior. Thus Rivers (251) has utilized the notions 
of protopathie and epicritic forms of behavior (essentially, instinctive 
and emotional responses as opposed to intelligent and manipulatory 
ones) as devices for explaining v 
"substitution hysteria" in particular. 

sensation that we are presently 


arious forms of psychoneurosis, 
But it is asa theory of cutaneous 
interested in the protopathic-epicritic 
distinction. As such, it stands in opposition to the classical theory of 
four cutaneous modalities: pressure, pain, warmth, and cold. To be 
sure, Carr (55) analyzed in detail the results reported in the Head 
nerve division experiment and came to the conclusion that, on the 
basis of his own results, Head should have logically found for no less 
than seven systems of sensitivity, not two. However, scientific theories 
never get established or abolished by merely arguing about them. 
What are the current facts and what shall we conclude about the use- 
fulness of Head’s theory? 

The most recent and the best- 
ments is that of Lanier (198). 
(the lateral and median cut 


controlled of the nerve division experi- 
In three Subjects the two main nerves 
aneous antebrachials ) supplying the volar 
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surface of the left forearm were destroyed by injecting their tracts with 
95% alcohol. A considerable region corresponding to the peripheral 
projection areas of the nerves was thus left anesthetic. These areas, 
carefully located in advance, were explored systematically for several 
months before denervation. The same care in mapping was used 
throughout the 2-year period following the operation. Instrumentation 
and procedure were such as to guarantee comparability between suc- 
cessive tests, a matter too frequently overlooked in some of the earlier 
work. Moreover, quantitative measures of threshold were secured by 
means of a calibrated mechanical algesiometer (pain), a “limen gauge” 


(pressure), and a thermoesthesiometer (warmth and cold). All four 


modalities were found to recover continuously and gradually through- 


out the process of nerve regeneration, though the area of initial loss 
for the temperature senses was markedly greater than for pain and 
pressure. Pain, pressure, and cold recovered, by circumferential 
shrinkage of the area unresponsive to à stimulus of constant magni- 
tude, at about the same rate. Warmth was considerably delayed; 
Lanier found Head’s peculiarly unpleasant “protopathic” pain both 
in the intermediate zone shortly after denervation and in the central 
anesthetic zone once the regenerating nerve fibers began to grow back 
into it. But sensations best described as “protopathic pressure also 
appeared, and pressure is, of course, not supposed to be a protopathic 
quality, While there was a return to near normality after 2 years or 
So, Lanier reported to the author that, more than 15 years after the 
Operation, he still had occasional “protopathic” reactions from the 
region originally made anesthetic by denervation. 

Even though there was some general agreement between the quali- 
tative results of the Head and Lanier experiments, the protopathic- 
epicritic" theory was not regarded by Lanier as necessary to account 
for his findings. After weighing the evidence carefully Lanier con- 
cludes (193, p. 454): "The results of the study do not substantiate 
Head’s theory of protopathic and epicritic systems of fibers in cu- 
taneous nerves. Neither the patterns of sensory dissociations nor the 
Sensitivity alterations in affected areas can be accounted for by his 
theory, The sensory dissociations observed point conclusively to the 
existence of four types of anatomical mechanisms underlying cutaneous 
Sensibility.” j 

A convincing histological stu 
standing of the protopathic pain m 
rom 59 patients who had scars or partr 
Were stained and subjected to microscopi 


idy (301) adds a final note to our under- 
‘mechanism. Skin samples were taken 
tially denervated skin. These 
cal analysis. In all instances 
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in which pain of protopathic quality had resulted from pipe in 
the affected area, the findings were consistently that the under rue 
nerve nets and terminals were isolated from their neighbors. There 
was no overlap or interdigitation of terminals in the region; only a 
single nerve fiber had supplied all the endings. Conversely, in x 
single case in which such isolation of terminals could not be found 
microscopically could "unpleasant" pain be produced. Tt would ap- 
pear that protopathic pain owes its existence to simplification of the 
sensory nerve supply. Where normally intricate networks exist pain 
takes on a more subdued character. 


Itching. We saw that pain comes patterned in a great variety of 
ways. One pattern of special interest is itch, Itching seems to bear 
about the same relation to pain as tickle does to pressure. It is a 
durative pattern, usually highly attention-demanding and, like tickle, 
leads ordinarily to reaction. One usually “does something about it; 
rubs or scratches the affected region. What are the conditions for the 
arousal of itch? 

It is not possible to provide a complete answer as yet. A number of 
pathological skin conditions commonly accompanied by itching are 
known clinically. These presumably involve fairly low-level irrita- 
tions of free nerve endings in the affected tissue. 
occur also in entirely normal skin. In mapping experiments with hairs 
and needles delays are often occasioned by the unwanted appearance 
of itching. One well-defined experimental situation for the production 
of itching has been discovered by Bishop (36) with the use of his 
electrical “sparking” method. Repetitive shocks, each so weak that 
by itself it will produce no sensation whatever, may 
sistent itch not unlike that generated by an insect 1 
evidence of temporal summation in the 
tion occurs when the shocks succee 
5 per second. 


But itching can 


induce a per- 
bite. Here is direct 
pain receptors; in fact, summa- 
d each other at a rate as slow as 
Itching may also be brought about as 
the sharp pricking sensation produced b 
strength. Weak but supraliminal single 
without itch, and, if the intensity is g 
repetitive stimulations, the pattern p 
pain, eventually becoming intolerable. 
That the pain system and not those for pressure or te 
concerned is attested by the fact th 
trical stimuli is much lower for p 
modality in most skin regions. 


an after-effect of 
y single shocks of greater 
shocks induce pricking pain 
enerally increased in slowly 
asses over into sharp stabbing 


mperature is 
at the absolute threshold to elec- 


ain than for any other cutaneous 
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Direct Nerve Stimulation. It is a commonplace that direct stimula- 
tion of nervous tissue, without the intermediation of receptor organs, 
has no sensory effect. Thus brain operations involving cutting and 
cauterization can be conducted without benefit of anesthetic once the 
brain has been laid bare. The one exceptional mode of stimulation is 
electrical. Indeed, a great range of sensory effects can be produced 
by electrical stimulation of the cortex. One of the values of this prin- 
ciple is seen in its use to reproduce the sensory “aura” in localized 
(Jacksonian) epilepsy to find the site of a responsible tumor or other 
brain impairment. Not until quite recently, however, have experi- 
ments been performed in which direct electrical stimulation of a 
peripheral nerve was attempted. The results are important for our 


understanding of pain. 


Pattle and Weddell (227), two British investigators, exposed the 


digital nerve of Weddell's index finger. Sheet rubber was slipped 
between the nerve and the surrounding tissue, and a pair of silver- 
Silver chloride electrodes was hooked about the nerve. The skin was 
then sutured in such a way as to insulate the nerve and its attached 
electrodes from all tissue. The preparation being readied, electrical 
stimulation was cautiously applied. Steady d-c potentials were de- 
livered to the nerve, as were inductorium and condenser shocks. With 
à 6000-ohm resistor in series with the nerve it was found that 7.5 volts 
were required to produce a just detectable sensation. The threshold 
Sensation was always the same, a pain “greatly resembling a wasp 
Sting? Tt was always felt as in the finger pad (where the nerve end- 
ings were located), despite the fact that throughout the experiment 
the finger pad proved to be anesthetic to direct mechanical stimulation. 
timing arrangement was improvised which permitted the exact 
registration of the onset of the electrical stimulus and the subject’s 
response, on a key, to the first twinge of pain. l 
Individual condenser shocks were given in gradually increasing 


Strength, the electrical capacity of the condenser (in microfarads ) 
No sensory result was produced until a 


eing a measure of intensity. 
Value of 0.1 pf (through a series resistor of 6000 ohms) was reached. 
"hen came the “wasp sting.” The same quality of sensation with, 
Moreover, the same latency of 1.27 + 0.03 sec resulted from all con- 
denser values up to 60 nf. A 7.0-n£ condenser discharge produced a 
Sharp break in the series, for now “a long-lasting, severe, aching pain, 
Which was completely different in quality from the ‘wasp sing ee 
action” resulted. The latency remained substantially unaltered, how- 


ever, at 1.27 + 0.06 sec. There was little repetition of the high-intensity 
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(7.0 pf) experiment. The aching pain was reported as “not well toler- 
ated by the subject,” and it could not be systematically investigated. 

Of special theoretical interest, in view of what we already know 
about the summation of subliminal shocks to produce itching, were 
the results obtained with repetitive stimuli. “When a just sub-thresh- 
old shock was repeated six times within 0.5 sec. no sensation whatever 
was aroused.” Apparently the summation effect is one occurring at 
the receptor level, not in the nerve, as has been long surmised. Re- 
peated shocks of supraliminal strength, if succeeding each other within 
0.1 sec, brought forth a single sharp pain of the wasp-sting variety, 
which was felt as about twice as strong as a single shock of the same 
intensity. If the two shocks were separated in time by more than 0.1 
sec, two distinct pains were felt, each of its proper strength. 

One wonders what happens quite abruptly at the high-intensity 
level (between 6.0 and 7.0 pf). The sudden change of quality from a 
“wasp sting” to a prolonged aching pain is a matter of some interest, 
since a single nerve bundle was mediating both. A more intimate 


picture of what is happening here might go a long way towards settling 
some old disputed points in cutaneous theory. 


I 


Temperature Sensitivity 


R Thermal “Senses.” One of the most persistently recurring 
tions in the whole realm of sensory psychophysiology is that con- 
cerning the basic nature of sensitivity to temperature changes. Are 
we dealing with a single “temperature sense,” or are there two systems 
of sensitivity, a “warm sense” and a “cold sense”? If solely physical 
considerations were consulted, if stimuli alone could provide the 
answer, the problem should not detain us long. The absorption of 
heat by the skin is a simple, straightforward event, describable in the 
terms of calorimetry. Objects of higher temperature than the skin, 
upon coming into contact with it, transmit heat to it. The loss of heat 
by the skin to surrounding air or to objects contacted is the obverse 
Process. There are not two sets of stimuli, warm and cold; there are 
hey positive and negative transfers of a single form of physical energy, 
at. 
But, as we have seen, appeal to stimuli has never provided the best 
Solution to the problem of classification of the senses. If it could be 
conclusively demonstrated that there existed in the skin a single ana- 


tomic i i 

9mical mechanism capable of responding one Way to heat gains and 
‘nother way to heat losses we should doubtless decide in favor of a 
Single "temperature sense." stand the weight of evi- 


As the facts now 
dence is against such a conclusion. Instead there are compelling 
a for believing that we are dealing with two systems of sensi- 
ivity, one for warmth and one for cold. 

The chief argument for the separation of the two rests on the dem- 
stration that cold and warm sensitivities are not distributed alike. 
à sample area on the arm is explored, point by point, with a metal 
Contactor cooled well below skin temperature a pattern of responsive 


Spots” will be found. Some points will “flash out” strongly with cold 
erate, cool feelings. In a 1-cm* 


se . 

arasations, while others will yield mod 

..€8 perhaps a half-dozen such spots will be found. If the experiment 
tactor the same area will yield 


Is n 
Ow repeated with a warmed con 
211 


212 Temperature Sensitivity 


perhaps one or two reports of warmth, perhaps none. The probability 
is that careful mapping of the region will show widely disparate pat- 
terns for the two qualities, cold spots nearly always being far more 
numerous than warm. Table 4, a composite of results from Rein 
(244) and from Strughold and Porz (277) gives comparisons for sev- 
eral body regions. 


TABLE 4. Comparison OF WARM- AND COLD-SPOT CONCENTRATIONS 
After Rein (244) and Strughold and Porz (277) 


“Spots” per cim? 


Cold Warm 
Forehead 8.0 0.6 
Nose 8.0 (side)-13.0 (tip) 1.0 
Upper lip 19.0 i 
Chin 9.0 d 
Chest 9.0 0.3 
Upper arm, volar side 5.7 0.3 
Upper arm, dorsal side 5.0 0.2 
Bend of elbow 6.5 0.7 
Forearm, volar side 6.0 0.4 
Forearm, dorsal side 7:5 0.3 
Back of hand 7.0 0.5 
Palm 4.0 0.5 
Fingers 2.0-9.0 1.6-2.0 
Thigh 5.0 0.4 
Lower leg 4.0-6.0 
Sole of foot 3.0 


There is, of course, the same necessity here, as in our earlier consid- 


erations of pressure and pain “spots,” to avoid the naive conclusion 
that the mapping of temperature spots implies the location of indi- 
vidual temperature’ receptors. “Spots” are products of certain experi- 
mental operations. The number found in a given area reflects, to be 
sure, the sensitivity in that area, but it also reflects the operation of a 
number of other variables. The number of warm or cold spots found 
in a given exploration is a function of at least the following factors, in 
addition to depending on receptor availability in the particular skin 


area being tested: (1) stimulus temperature, (2) size of stimulator, 
(3) concomitant mechanical pressure, (4) state of thermal adaptation, 
(5) duration of stimulus at each exposure, (6) interval between stimu- 
lations, and (7) the attentive “set” taken by the observer. Some of 
these are not as important as one might expect. Thus Heiser (161) 
systematically varied stimulus duration between 0.5 and 4.0 sec, in an 
experiment on warm sensitivity of the forehead, without finding any 
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significant change in the number of reports of warmth. It is reasonably 
certain, though, that time could be shortened to the point where it 
would make a difference. Similarly, increase in stimulus pressure from 
1.0 to 6.0 gm brought about an increase in number of warm spots 
which, however, was so small as to require treatment by probability 
statistics to make certain that the increase was a real one (162). The 


small increase accompanying a change from 1.0 to 2.0 gm was not 


Statistically reliable. 
The effects of stimulus size and stimulus temperature are difficult 


to separate. Both affect the warm and cold spot counts; increased size 
improves the probability that warm or cold will be reported in a given 
application, and increased deviation of stimulus temperature from that 
of the skin brings the same result, The two variables can, of course, 
be separately investigated in a systematic manner, but one hardly 
knows whether increase in frequency of temperature reports, in the 
Case of an enlarged stimulus point, is the result of more end organs 
being stimulated or a more adequate delivery of heat to a fixed num- 
ber of them. Increasing the contacting area of the stimulus may be 
tantamount to intensifying the stimulus. Conversely, increasing the 
effective temperature may be physiologically equivalent to spreading 
the stimulus over a larger amount of receptive tissue. Simple mathe- 
matical relations between either stimulus area OF stimulus temperature 
and numbers of responsive “spots” have never been established with 
Certainty. Everyone who attempts mapping of cold or warm spots is 
Impressed with the apparent fickleness of their behavior. Test-retest 
reliabilities are disappointingly low despite careful control of the obvi- 


Ous experimental variables. This is not to say that mapping and remap- 
bly leads to utter lack of consistency. 


Ding of ten ri inevita 

nperature spots inevi : : 
The results are far from chaotic. One is likely to be able to see, in the 
charts of several successive mappings strong pattern resemblances. 
However, if exact correspondences are looked for square by square, 


Agreement between any two maps is likely to run no higher than 70% 
to 80%. Indeed, far lower degrees of consistency are commonly found. 

Where especially responsive individual spots are concerned experi- 
€nce has been quite otherwise. In any extensive exploration of the 
Skin with a cooled temperature cylinder there are likely to be found 
à few points at which cold comes out promptly and vividly. One can 
return to such spots time after time and get the same result. In fact, 
tests separated by relatively long periods of time, even years, will show 
Unfailing responsiveness at the loci of such peaks of sensitivity. There 


are, then points of peculiarly ready reaction, and this may mean either 
> H és. Je 
that certain receptor aggregates possess abnormally high sensitivity or 
O 
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that they are extraordinarily favorably situated with respect to chan- 
nels of heat transfer. There is some suggestion that the latter may be 
true in Gilmer’s finding that about twice as many cold-sensitive spots 
are found on sweat duct openings as are found on loci of stimulation 
not involving mouths of sweat ducts (119). 


Thermal Changes in the Skin. One way we shall get a better picture 
of the probable stimulation process is to pay some attention to investi- 
gations of heat transfers by the cutaneous tissues. If the epidermis, 
with its relatively simple composition, may be regarded as a somewhat 
homogeneous conductor of heat, the same cannot be said of the more 
elaborate tissues beneath it. The dermal layers are, of course, consid- 
erably complicated thermally by reason of the fact that they house 
blood vessels—capillaries, venules, arterioles, and (at deeper levels) 
veins and arteries. The vascular system has much to do with supply- 
ing heat to the skin and with regulating that supply. It obviously can- 
not be ignored in the thermal stimulation process. 

Direct evidence concerning heat interch 


í anges in the cutaneous tis- 
sues comes chiefly from the in 


genious experiments of Bazett and his 
co-workers (18, 19, 20, 91). Using tiny thermocouples inserted into the 


skin of the forearm under previously located warm and cold spots, 
they were able to measure accurately the extent of heat conduction 
through the tissue from a thermal stimulator applied to the surface. 
Ata depth of about 1.0 mm below the surface (subsequently measured 
on X-ray photographs) there proved to be remarkably little heat 
gained or lost in arousing warmth or cold. With an applicator of 1.5 
mm diameter a stimulus 10° C. above the initial skin surface tempera- 
Be held oi the spot for 6 sec, produced a maximum temperature rise 
o only 1.05 c. 1.0 mm below the surface. A cold stimulus more than 
15° C. below initial surface temperature brought about a drop, 1.0 
mm down, of only 0.4? C, during a 5.6-sec period. Hesclts with a 
much larger applicator (11.0 mm) Produced more extensive shifts of 
Var temperature, though none was as large i might be ex- 
Eu Sin the skin surface directly under the stimulator 

attained the temperature of the physical stimulus, discrepancies 


between them B 
of 8° to 10? C. bei 

: ng common rate 
temperatures used. 8 even at the modera 


E i dis a ee through the cutaneous tissues was 
vascular nee tü v i mm/sec, depending somewhat on the 
t s at the time. Tf the blood vessels were in a dilated 
dL elocity of heat transfer was reduced. Apparently the 

y How serves as a kind of cooling system, picking up heat 
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and carrying it off, thus retarding direct heat penetration into the 
tissues lying beyond. Local inflammation is a particularly powerful 


inhibitor of cold sensations, reducing their intensity and exaggerating 
their latency of arousal. Conversely, hyperemic skin renders warmth 
easier to evoke. 


The presence of blood vessels in the skin, more or less constantly 


varying in diameter as they do with consequent transient changes in 
warming and cooling effects, brings about an unstable thermal situa- 
tion. Tt is little wonder that it has been impossible to establish experi- 
mentally the invariant relationships between stimulus temperature and 
Sensitivity, Blood flowing past a given receptor must effectively con- 
tribute to the state of adaptation of that cell and must be regarded 
as constituting part of the thermal stimulation system. This means 
that a relatively large area of tissue may affect a given end organ. 
The situation is not ‘unlike that obtaining in the radiation thermopile 
of the physicist. The thermocouple junction has soldered to it a metal 
disc or "radiation receiver" which collects over its relatively large sur- 
face enough heat to activate the thermocouple junction and thus 
&reatly improve the sensitivity of the instrument. In like manner the 
lood supply of the skin imparts its heating and cooling effects to the 
relatively tiny nerve endings responsible for temperature sensations. 
In view of this condition it is remarkable that warm and cold sensitivi- 
ties have anythi ike punctate distributions. 
I Out x vo nd heat transfers in the skin have ce some 
witeresting ideas concerning the ager perta. oreste 
ation, Ba ne, Williams, and. HU sin (2 >; 
sehe. niae of suspending yik dulled poe s 
Skin of the prepuce, applied a thermal stimulus wed side : 3 
fold, and picked up the transmitted heat with a praa n ce- 
mented to the other side. Since the stretched ene o was = js is 
Only about 2.0 mm thick, it was possible to stimu we » et : a 
either side, thus permitting calculations " s uei fea ah a h " 
*€ceptor, Time relations for both sensation ( vd ed " ea 
Conduction were carefully measured. The latency A a. e à e» 
tion js short (0.3-0.5 sec j; and estimates from fic spat sp e 
© receptor at a depth below the skin surface o race aa es 
Tetons are aroused more * aes Tl qutm mean 
culations place the receptor depth near ore peer, venies: 
At the end organ for cold lies just above ER vii des of arterial snd 
Ose for warmth are at depths where complex pa a al a 


Ven 
Ous networks exist. 


lá lowly (0. 


216 Temperature Sensitivity 


Putting together all that has been learned about thermal inter- 
changes and calculated receptor depths, Bazett has evolved a theory 
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represent the normal resting gr 

ordinates being temperature ri 


à ated in Fig. 77. 'The curves 
adients in the skin of the forearm, 
ses above that of the skin surfaces 
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abscissae being depths below the surface. The solid line depicts a 
situation in which the blood flow is increased above that of the normal; 
the more usual case is represented by the dotted line. Temperature 
changes in the first 0.5 mm are quite hypothetical, but the remainders 
of the two curves have considerable experimental evidence to support 
them. A, B, and C denote possible locations of cold receptors; D, E, 
and F are loci of possible end organs for warmth. In the normal rest- 
ing skin, in thermal equilibrium with the external environment, the 
gradients for warmth and cold are of opposite sign. To be effective a 
warm stimulus would have to exaggerate the normal gradient. A cold 
stimulus, to excite cold sensations, would similarly have to steepen 
the normal gradient. It is to be noted that the hypothetical cold re- 
ceptor lies in a region in which the gradient is already somewhat steep. 
Normally cold stimulation comes from without. There is little, if any, 
vascular tissue intervening between the surface and the receptor. The 
withdrawal of heat from the system produces promptly a simple aug- 
mentation of the temperature difference between the skin surface and 
the receptor organ, i.e., steepens the thermal gradient. A rapid re- 
action to cold results. Under certain conditions a warm stimulus 
might reverse the gradient to a cold receptor and stimulate it (“para- 
doxical cold,” to be described later). The situation for warmth is 
Somewhat different, though similar in principle. The application of 
heat to the skin surface will also exaggerate the somewhat gentle 
gradient existing in the region of the receptor and, though complicated 
by several intervening circulatory events, should produce stimulation 
of the warm receptor. The process should require more time than 
that for cold, as indeed it does. The flow of blood from subcutaneous 
tissue into the arterial network should combine with the heat inter- 
Change of external origin either to summate with it (vasodilatation) or 
Partially to counteract it (vasoconstriction ). The former should ac- 
Centuate the gradient; the latter should flatten it. . 
Whereas many details of the thermal gradient hypothesis work out 
as the experimental facts demand, there are reasons for thinking that 
the idea provides no final and complete explanation of the stimulation 
Process, Bazett has himself realized this and has been prompt to point 
Out that certain crucial experiments prevent the acceptance of the 
thermal gradient principle as the sole one at work. If the hand is im- 
ersed in fairly warm water (42° C.) and allowed to remain there 
or an hour or more sensations of warmth still persist. Thermal gradi- 
ents should have long since disappeared; a steady equilibrium state 
Should have been reached. If it is argued that the blood flow tends 
to maintain an ever-renewed gradient, that point can also be met. In 
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experiments on circulatory stasis, in which a tourniquet applied above 
the elbow has prevented blood from entering the forearm and hand, 
extreme temperature sensations occur on removing the block and 
allowing warm blood to flow back into the tissues. This would not 
be surprising if, as would usually occur, the hand and forearm had 
cooled during the period of circulatory arrest. Steep gradients should 
then be formed. But extreme warmth is still experienced on return 


of circulation when care has been taken to prevent the escape of heat 


from the hand and arm. Warm blood flowing into warm tissues 


should not produce extreme thermal gradients. The conjecture there- 
fore is that other events intervene—chemical or osmotic gradients, per- 
haps—between the establishment of a thermal gradient and the arousal 
of the receptor. Experiment will doubtless eventually decide. 


Adaptation, Thresholds, and Physiological Zero. The phenomenon 
of adaptation, a very general one occurring in all the sense modalities, 
has always to be reckoned with in determining thresholds. Prior stimu- 
lation, if it is not too far removed in time, is likely to have reduced 


sensitivity and raised threshold values. 


This is the case in pressure 
and pain. 


When we come to consider adaptation in the thermal 
senses the situation is a bit more complicated. 
demonstrated for both warmth and cold. 
heat reduces warmth sensitivity ( 


Adaptation is readily 
Prolonged stimulation with 


raises thresholds to heat), and pro- 
longed cold stimulation reduces cold sensitivity (raises thresholds to 


cold). What complicates the situation, however, is that stimulation 
with heat also sensitizes the skin to cold, Adaptation to a hot stimulus 
brings with it an actual lowering of the cold threshold, in that tem- 
peratures which would normally result in thermal indifference or even 
produce mild warmth now feel cool. In like manner cold stimulation 


reduces the threshold for warmth; lower temperatures than are nor- 
mally required arouse warmth. 


The simultaneous moving of cold and w. 
to a single condition of thermal stimul 
importance. As might be antici 
who support the view that w. 
ties belonging to a single “ 
with color sensitivity 
plementary pair) 


arm sensitivities in response 
ation is a fact of considerable 
pated, much is made of it by those 
armth and cold are simply different quali- 
temperature sense.” The analogy is drawn 
in vision. Blue and yellow (or any other com- 


likewise move together; adaptation to blue builds 
up yellow sensitivity and vice versa. If there is this complementary 


relation between warmth and cold, as manifested in adaptation, there 
should also be an analogue of neutral gray in vision. There is. For 
a given area of the skin there is always some temperature representing 
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thermal indifference. The temperature to which a response of neither 
warmth nor cold can be aroused is known as physiological zero. Assum- 
ing a normal heat equilibrium with the surrounding air and no imme- 
diate history of unusual thermal stimulation, physiological zero cor- 
responds to the skin temperature. Thus, under these conditions, the 
skin over much of the exposed body surface has a temperature in the 
neighborhood of 32° C. This is physiological zero until warm stimu- 
lation raises it, or cold stimulation lowers it. Then it migrates tem- 
porarily to a new level. Some protected areas have normal tempera- 
tures much higher than this (36°-37° C.); some, such as the ear lobe, 
where circulation is sluggish, normally stand at about 28° C. 
Physiological zero is not to be thought of so much as a point on a 
scale as a scalar distance, a small zone of thermal indifference. Stimu- 
lus temperature must deviate appreciably in one direction or the other 
to transcend the zone and elicit warmth or cold. In the neighborhood 
of 32? C. for the fingers, the zone is not a large one. It is of the 
order of 0.3? C. (plus and minus 0.15? C.) when the measurements 
are made by dipping the fingers in slightly warmed and cooled water. 
At much higher or lower starting points the neutral zone is wider. 
Thus, after the fingers are adapted to warm water of 40 C. an in- 
crease of 0.5? C. is required to feel warmth and a corresponding de- 
crease of 0.5? C. to feel cold, the two summing to make a neutral zone 
of a whole degree. 
Determinations of the amount of heat energy needed to produce a 
threshold feeling of warmth on the forehead have been made (144) 
With the Hardy radiant heat technique, the one discussed earlier in 
Connection with pain thresholds. Sensation is evoked in 3 sec by ex- 
Dosure of a skin area of 200 cm? at a rate of 0.00015 gm-cal/cm?/sec. 
This compares with a value of 0.218 gm-cal/cm?/sec needed to reach 
the pain threshold in the same period of time. Thus warmth is ex- 
Derienced at an energy level representing but a small fraction of that 
required to elicit pain. A further calculation reveals threshold en- 
ergy for warmth to be but 0.09 gm-cal. This is a tiny figure, as heat 
nergy values go in the bodily economy, amounting to no more than 
one nine-millionth of the normal hourly radiation loss from the body 
E v he t t tors t 
It is owever sensitive the temperature receptors to 
thermal puli Debes upon them, the sheer fact of adaptation 
Prevents the system from serving as a good thermometer. Where 
accurate temperature judgments are required one does well to rely on 
ion of alcohol, mercury, or other substances 


the expansion and contracti i 
rather than trust the evidence of his cutaneous senses. At the same 
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ime the temperature system of the skin is designed to preserve com- 
en d any uite rapid accommodations to a constantly and 
2 i ds uite bci changing thermal environment. The phe- 
A with thermal adaptation will bear looking into 
ee A have been directed at adaptation rates and ped 
tation limits for large skin areas. A few have been concerned wi 

punctiform stimulation. As early as 1846 Ernst Weber did the “three- 


38° 


36° 


34° 


32° | 


0 1 2 3 4 
Minutes 
Fic. 78. The course of temperature adaptation. The ordinate shows the tem- 
peratures (in degrees Centigrade 
one hand kept in water at 38* 
the other hand, kept in 26° 
the beginning 


) which yield the same thermal impression, to 

C. until the time of testing, as that received by 

C. water for the times shown on the abscissa. At 

of the experiment both hands were adapted to 38° C. From Wood- 
worth (319) after Hahn, 137. 


bowl” experiment. Three containers of water at 20°, 30°, and 40° C. 
were used. One hand was placed in the 40° water and allowed E 
adapt. At the same time the other hand was adapted to the 20 
water. Then both hands were removed simultaneously to the 30° 
water where, of course, it was demonstrated that the same physical 
temperature can feel cold to one hand and warm to the other. Similar 
crude experiments can tell us a good deal about adaptation rates. 
The results of Hahn (187), shown in Fig. 78, demonstrate that the 
course of thermal adaptation, like all similar processes, proceeds in 
accordance with a negatively accelerated curve. These experiments 
were performed by simple immersion of the two hands in baths of 
varying temperatures and for various adapting periods, judgments of 
equality of cold sensations being required of the subject. At the end 
of 4 min (following an initial adaptation period of 5 min at 38° C. for 
both hands) adaptation appears to be complete in that 38° feels the 


Thermal Adaptation 221 


same to the right hand as 26° does to the left. Both are thermally 
indifferent. 

Will all temperatures, however high or low, similarly induce com- 
plete adaptation, i.e., will they all appear to fade out totally if stimula- 
tion is continued long enough? The uniform finding is that, for areal 
stimulation, extremes of temperature never proceed to complete adap- 
tation. There is considerable blunting or dulling of the sensation but 
never total cessation. Hold the hand in chilled water at 10? C. and, 
so long as the temperature of the medium remains constant, cold 
sensations will persist indefinitely. The same lack of complete adap- 
tation is found for temperatures of the order of 45? C. Warmth never 
quite completely disappears. The zone within which total oblitera- 
tion of thermal sensation can be produced through adaptation :s 
usually put at 16°-42° C. Within this range moderate temperatures 
reach physiological zero relatively rapidly, while higher and lower 
temperatures require longer to disappear. 

If there is some failure of adaptation to go to completion in the 
case of extreme temperatures and areal stimulation, there appears to 
iform stimuli are concerned. Warm and cold 
spots have been subjected to continuous exposure to a wide range of 
temperatures (15, 196, 171) and, in all instances, complete adaptation 
has resulted. At extreme temperatures that would fail to extinguish 
Sensation, were they applied to a large areal surface, local stimulation 
(1.00-1.25 mm diameter) produces total disappearance in a matter of 
seconds, The course of the fading-out process is generally observed 
to be an undulating or discontinuous one, especially in the case of 
Warm spots. Adaptation times seem to be less related to the tempera- 
ture of the stimulus than to the absolute sensitivity of the spot, the 
initially more responsive spots requiring longer to adapt. Moreover, 
the after-effects are relatively prolonged and apparently cumulative. 
A recovery period at least equal to the adaptation time is required to 
bring the spots back to normal threshold. This factor is, of course, a 
Complicating one in experiments involving serial exploration of spots 


With temperature stimulators. 
OF the several possible interpreta: 


be none where punct 


tions of the facts of thermal adapta- 


tion, one is interesting for the parallel it provides with a concept of 
Pressure adaptation already considered. It will be recalled that one 
Way of viewing the fading and ultimate cessation of pressure sensa- 
tions is to look upon the phenomenon as an instance of stimulus fail- 
Ure. In the presence of a constant objective stimulus the cutaneous 
tissues readjust themselves; the movement creates sensation, until all 
tensions have been resolved and no tissue movement can occur. Adap- 
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tation is then complete. Very much the same idea has been applied 
to thermal sensations, ultimate adaptation to a constant temperature 
being regarded as an instance of stimulus failure. The hypothesis ` 
due to Bazett (18). He has introduced it as part of his theory o 
thermal gradients (Fig. 77). The mechanism of adaptation would 
work somewhat as follows: If the arm were to be immersed in water 
at, say, 38° C. the gradients for warmth sensation should at first be 
much exaggerated, yielding a positive sensory response. Later, as 
the tissue is generally warmed the gradients will lose their steepness 
and eventually flatten out to the point that they no longer have as 
much as a liminal slope. The stimulus for the receptor has failed; 
adaptation is complete. At a higher temperature, say 43° C., the 
gradients are never reduced to a negligible slope, the conditions of 
positive stimulation remain, and adaptation never proceeds to entire 
completion. A comparable picture may be built up for cold. This 
view of thermal adaptation must withstand the same criticisms, of 
course, that may be urged against the whole theory of thermal gradi- 


ents (see p. 216), and it may well be that the ultimate gradients in 
question will turn out to be chemical ones. 


Paradoxical Cold and “Heat.” 


In 1895 von Frey made a singular 
discovery with respect to the beh 


avior of cold spots. He noted that 
spots previously identified as sensitive to cold would, on occasion, 
respond with cold sensations if touched with a very warm (45°-50° C.) 
stimulus. Since it seemed paradoxical that a hot stimulus would yield 
impressions of cold, the phenomenon was named “paradoxical cold.” 
The range of temperatures adequate for the arousal of paradoxical 
cold is, of course, well above that necessary to 
only a little below that ne 

normally h 


arouse warm spots and 
eded to produce thermal pain. The latter 
as a threshold in the neighborhood of 52° C, 
Paradoxical sensations of cold 
in the mapping of warm spots. 

types of stimuli are 
hair may 


are encountered commonly enough 
Cold sensations in response to other 
occasionally found also. Thus the movement of a 
elicit “flashes of cold.” Alternating currents of low frequency 
applied to the skin by relatively confined electrodes may produce “cold 
vibration” (119). The fact that cold feelings result from the stimu- 


lation of a cold spot, whatever the nature of the effective stimulus, was 
regarded by von Frey and, indeed, by the vast majority of current 
theorists as the best possible evidence in support of Johannes Müller's 
doctrine of "specific nerve energies” and of the clear separation of 
warmth and cold as qualities belonging to two distinct cutaneous 
senses. 


lo 
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An analogous phenomenon to paradoxical cold, “paradoxical 
warmth," is alleged to occur, though even its co-discoverers (Rubin 
and Goldscheider, in 1912) specified radically different conditions for 
its arousal. Rubin believed faint warmth could be called forth by 
stimuli just below (0.1°-1.5° C.) skin temperature. Goldscheider 
gave 6°-10° C. below physiological zero as the temperature range 
necessary to paradoxical warmth. The fact seems to be that, if it is 
a genuine effect at all, the necessary and sufficient conditions have yet 
to be established. Many have sought it; few have ever reported find- 
ing it. In his long series of experiments Bazett reports with conviction 
on paradoxical warmth only once (19). Gilmer states (119, p. 324), 
"Out of a total of approximately 13,000 cold stimulations in this ex- 
periment only one report of paradoxical warmth was made. Repeated 
Stimulation of this one spot on several different days failed to bring 
about another report of the experience." Since warmth, like cold, may 
Occasionally be evoked by mechanical means the suspicion is strong 
that it is the mechanical rather than the thermal component of the 
Stimulus that is responsible. 

An effect presumably dependent on paradoxical cold for its occur- 
rence is that known as psychological "heat." Though the designation 
is perhaps an unfortunate one, the word “heat” having a common 
physical meaning, there is no doubt that the phenomenon it refers to 
isa very real one in experience. The simplest condition for the per- 
ception of “heat” is provided by an areal stimulus between 45° and 


50° C. applied to a region, such as the forehead or arm, having good 
Warm and cold sensitivity. Under these circumstances there should 
be aroused warmth (the normal response of warm spots) and in addi- 
tion cold (paradoxical cold from cold spots). The two sensations 
fuse to produce an overall impression of intense “heat.” To most ob- 
Servers the salient feature of the experience is a stinging quality added 
to the thermal background. I 

If psychological heat is indeed a fusion or mixture of warmth and 
Cold sensations it should be possible to produce the effect synthetically, 
eded is simultaneous stimulation of warmth and cold 

Without depending on the latter’s paradoxical arousal) in the same 
Seneral cutaneous area. The experiment is made with the “heat grill” 
(see Fig. 79), which provides the specified conditions. One alternate 
Set of tubes gives a cold stimulus (12°-15° C.), while the other is 
Warm (42°-44° C.). Though there is nothing really physically hot 
about the grill, the first impression on placing the arm on it is that it 
actually is dangerously so, and the uninitiated will quickly withdraw 


to avoid being burned. 


for all that is ne 
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This synthesis of psychological heat seems to bear out the — 
*Heat" is compounded of warmth and cold. Whether it is a stable 
compound, so to speak, has been debated in what is by now a ge 
what involved literature. To some, heat has seemed to be a comp lete 
fusion, a new quality which resembles neither warmth nor cold, ls 
as gray is a fusion resembling neither the blue nor yellow of which i 
may be compounded. Others have viewed it as an imperfect vr 
in which warmth and cold are intermingled with heat. The visua 


From cold water From hot water 
faucet 


faucet 
| 1 


Fic. 79. The “heat” grill. Warm water and cold water flow through alternate 
tubes. If a broad skin area, such as the underside of the forearm, is placed firmly 
on the grill “psychological heat” may be synthesized from mild warmth and cold. 
From Munn’s Laboratory manual in general experimental psychology. Boston: 
Houghton Mifflin, 1948. With the publisher’s permission. 

analogy for this would be orange which, while neither red nor yellow, 
resembles both. Perhaps the most interesting result of experiments on 
synthetic heat has been the demonstration by Alston (10) that the 
stinging heat quality can be produced by simultaneous stimulation of 
a single cold spot (with cold) and a single warm spot (with warmth): 
The synthetic perception of heat occurs even though the two spots are 


separated by as much as 15 em, This fact, as we shall see, is not easy 
to accommodate in theory. 


The Classical Theory of Temperature Sensi 
and pain, there exists no absolute ce 


organs responsible for warm and cold sensations, There is no dearth 
of hypotheses, however, and we 


: i are led at once to the realm of theory 
to build up a picture of how the temperature senses operate. The 
classic theory is von Frey’s. Itis that warmth and cold are separately 


tivity. As with pressure 
rtainty as to the identity of the en 
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mediated, each having its own set of nerve fibers specific to the quality 
in question and each system having its own specialized receptor organs. 
The Krause end bulb is the receptor for cold; the deeper-lying Ruffini 
cylinder is the end organ for warmth. 

The correlations hypothesized by von Frey have never been estab- 
lished as incontrovertible fact. As Dallenbach has pointed out (71), 
“Von Frey was duly cautious and conservative in stating his theory. 
He said, ‘the end-bulbs are probably for that reason the organs of cold 
sensation’; ‘there appears to me a probable correlation between Ruffini’s 
end-organs and the sense of warmth. He was, moreover, straight- 
forward in pointing out the defects and weaknesses of his theory. . . . 
The further we get away from von Frey the more dogmatic in general 
become the statements regarding his correlation. The writers of text- 
books during the first decade following the formulation of the theory 
Were reserved in their statements concerning it, in the next decade 
they were less so, and during the past decade [1920-1930] the writers 
have very frequently given the correlation as established fact.” In 
general, Dallenbach’s remarks could be extrapolated into the follow- 
ing two decades, Meanwhile, there have been both strengthening 
and weakening experimental evidences and the appearance on the 
Scene of a rival theory. 

This virtue must be attributed to von Frey’s theory (or the more 
dogmatic restatements of his theory): it is specific enough to have 
Served as a powerful stimulus to experimental investigation. In the 
light of it several important studies were directed at testing the as- 
Sumed correlations. Perhaps the most spectacular were those of 


Strughold and Karbe (276). They first amassed considerable pre- 
1 bulb was indeed the receptor 


Sumptive evidence that the Krause enc i 
Organ for cold, finding that: (a) areas of the surface of the eye most 
Sensitive to cold also showed, in anatomical studies, the greatest con- 
centration of Krause end bulbs; (b) cold thresholds were low where 


end bulbs characteristically lay near the surface, and vice versa; and 
€) the count of cold spots was in good agreement with the end-bulb 
Counts made histologically. Their next step was to embark on an 
©xperiment in which they undertook, in three subjects, to produce vital 
Staining of the eye. They used an aqueous solution of methylene blue, 
Which has a see affinity for nervous tissue, and continued to apply 
* to the surface of the eye at intervals until 15 to 2.0 mg had been 
"sed. Observation of the sclera with a corneal microscope and slit 
"Mp revealed the successful staining after several hours, of two end 
Wbs in one experiment and a group of four in another, while only 
nerve fibrils responded to the stain in the third. No cold responses 
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could be aroused at the time il apse ave hse b us P 
i idly, a generally anesthetic cor a 

IS MOM erus es pene exploration detailed maps a 
md to serve as guides. Three days after the application of T bes 
cold stimuli (tiny wire cylinders, with a round bead at one ut yen 
duced weak responses. However, "after 8-10 days there were is pinea 
in the previously marked places clear sensations of cold, whi p^ a 
nearest neighbors proved to be anesthetic or numb. Naturally, n " 
hold and Karbe concluded that the Krause end bulb was the cold 
receptor. 

Another set of experiments u 
that of Bazett, McGlone, Wi 
scribed 


pholding the von Frey correlations is 
lliams, and Lufkin (21), previously de- 
as the "prepuce experiments." Here the conclusions have to 
be less direct, since they depend solely on determinations of the popu- 
lation density of cold and warm Spots, the calculated depths of the 
receptors, and histological studies of comparable tissue samples. For 
cold, the number of spots was found to be 6 to 12 per square centi- 
meter and the depth to be 0.1 mm. About 15 end bulbs of the Krause 
type per square centimeter were found to be distributed at a depth of 
about 0.1 mm, just below the arteriovenous region immediately under 
the papillae. For warmth, the concentration of spots was found to be 
about 1 per square centimeter, with the receptor lying at a calculated 
depth of 0.3 mm or a little more. The histological results placed 
Ruffini cylinders at a depth of about 0.28 mm. Their distribution mn 
the prepuce agreed fairly well with the warm spot count. Bazetts 
conclusion is constrained, despite the close agreements found. He 


states (18): "The special receptors for cold and warmth have received 
provisional, though not absolu 


tte, identification.” 

Other attempts to correlate structure 
the main, entirely disappointing. 
to 1885, when Donaldson ch 
tissue, and m 


. en, in 
and function have been, i 
Excision experiments extend bac 


arted warm and cold spots, extirpated the 
ade a histological examination of it. 
ous nerves beneath these Spots, but tl 


neighboring parts. The result . , 
Haggqvist, in 1913 (136), simil 


"There were numer- 
ese were almost as numerous in 
: 1S completely negative" (84) 


arly found no special end bodies. He 
did report bundles of smooth muscle tissue under cold spots, a finding 


which has never been confirmed by anyone since, Pendleton, in 1926 
(229), excised tissue at carefully located cold spots; he found nothing 
of note in the tissue examinations. Dallenbach, in 1927 (70), plotted 
and replotted warm and cold spots, meticulously controlling for à 


number of the usually disturbing variables and getting in consequence 
good test-retest reliabilities. The ma 


!Dped tissue was then extirpated, 
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incisions being made to a depth of 3 mm, and prepared for histological 
study. Methylene blue was used as the staining agent. Not a single 
specialized end organ of any kind was found, though there were 
numerous nerve fibers and undifferentiated nerve terminations. 
Somewhat more encouraging results, from the viewpoint of adher- 
ents of the classical theory, came out of the experiments of Belonosch- 
kin in 1933 (31). He charted the cold sensitivity of female breast 
tissue about to be removed for carcinoma and post-operatively searched 
for nerve endings. Bielschowsky's silver stain was used. In the re- 
gion of the nipple, where cold sensitivity is such as to present a prac- 
tically continuous surface of high responsiveness, individual “spots” 
not being discriminable, nerve terminations were discovered in great 
profusion. In an area of 160 mm? more than 100 end bodies were 
present. The commonest had a form resembling the Krause end bulb. 
However, a diversity of other structures existed also. Simple terminal 
networks were of frequent occurrence. Other types of specialized 
endings were identifiable. So many variations appeared, in fact, that 
Belonoschkin found it useful “not to distinguish between them accord- 
ing to their customary designations but simply to speak of them as 


encapsulated and non-encapsulated nerve end-bodies.” We saw 


earlier, in our general consideration of the nervous apparatus of the 


skin, that this view is gaining currency with histologists. 

Now, with the major evidences before us, what shall we say of the 
adequacy of the classical theory of temperature sensitivity? It is clear 
that it leaves much to be desired. Resting as it does chiefly upon an 
en distribution of sensitivity and distribu- 
said to be in a firm position so long as 
equally well-performed experiments point to diametrically opposed 
Conclusions with respect to that correlation. As matters now stand we 
shall have to suspend judgment. Krause end bulbs and Ruffini cyl- 
Inders may eventually prove to be specialized receptors for cold and 
Warmth. That they are the receptors is far from having been estab- 
lished. On the basis of certain of the findings one might as readily 
Conclude for free nerve endings as temperature organs, and yet, as has 
en seen, both pressure and pain can make some legitimate claims 
to these also, There is obviously much more to be learned before 
any of the systems of cutaneous sensitivity can be unequivocally as- 


Signed to a particular type of receptor organ. 


assumed correlation betwe 
tion of end organs, it cannot be 


The chief rival to von Frey's formula- 
first elaborated in the early 1930's 
d no little controversy since 


$ The Neurovascular Theory- 
ton is Nafe’s neurovascular theory, 
and the subject of much discussion an 
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then. Taking as a primary consideration the essential pei eg 
relation between warmth and cold, forming as they do a single "s 
tinuum passing through physiological zero, Nafe looked for o me n 
anism that might be responsible for both kinds of sensitivity. , The only 
adequately distributed tissue which, moreover, might contain Seo 
nerve endings capable of generating impulses for temperature — 
tions he believes to be the smooth muscle walls of the blood vessels 
of the skin. As we know, the smallest of these extend to the upper 
reaches of the corium, vascular loops being common inhabitants of 
the papillae. Capillaries would seem not to be candidates; they are 
non-muscular and are not supplied with sensory nerves. Venules are 
possibilities but appear not to have a sufficiently rich innervation to 
serve the purpose. The arterioles, then, are likely prospects. These 
and the smaller arteries house in their smooth muscle walls (at least 
in the outermost layers, the adventitia and tunica media) both afferent 
and efferent nerve terminations, Sensory termini in the forms of free 
nerve endings, button-like endings, and terminal loops are found. 
They can be traced chiefly to relatively large myelinated fibers, though 
some have small myelinated and unmyelinated parent fibers. Con- 
traction and relaxation of arteriolar walls could set up trains of im- 
pulses in afferent nerves which, at the brain, could say “warm” or 
"cold" Temperature sensations are then, under this theory, kinesthetic 
sensations; they are proprioceptions of arteriolar movements. 

The direct responses of smooth muscle tissue to thermal changes are 


Such as to suggest that the correlations of movement and sensation 
necessary to a neurovascular theory 


of temperature sensitivity are pos- 
sible. Nafe cites Sir Thomas Lewis as having shown (198) that 
denervated smooth muscle tissue responds directly to warmth by re- 
laxation, to cold by contraction. These are then the assumed correla- 
tions. In response to a warm stimulus the arterioles dilate because 
their smooth muscle walls Cold produces contraction of the 
arteriolar walls and constriction of the vessels, The pattern of nerve 
(providing it is rapid enough) is in- 
at produced by contraction is interpreted as 


ae contraction to be vigorous enough). 
Nafe also sees in the reacti 


actions of smooth muscle to relatively inet” 

for “heat” and for thermally arousec 

x assumptions with respect to the action 

of smooth muscle at different temperatures and the accompanying 
sensory events. 

It is to be noted that “heat,” 


with its prickin 
result from the complete const 


"voi o 
g quality, is assumed t 
riction of sc. 


"E 
attered muscle elements !! 
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TABLE 5. THE CORRELATIONS ASSUMED BY NAFE'S NEUROVASCULAR THEORY 


After J. P. Nafe (218), p. 1055 


Temperature 
Experience (°C.) Action of Smooth Muscle 
Pain Spastic contraction 
Heat Constricting elements in 
dilating muscle 
Warm Relaxation 
Zero 33 Physiological zero 
Cold Contraction 
12 
“Cold heat” Muscle elements showing 
severe constriction in 
general contraction 
3 
Pain Spastic contraction 


à general background of relaxation. Presumably those elements hav- 
ing the highest contractibility introduce the painful note. This hap- 
Pens normally just above 45° C. At about 52? C. all or nearly all 
elements have constricted maximally, and pain alone is felt. “Cold 
heat” and the pain associated with extremely low temperatures are 
analogous occurrences at the other end of the scale. Here, however, 
the constricting elements superpose their effects on a general back- 
ground of contraction. The essential continuity of the warm-cold 
series and the further continuity with heat-pain and cold-pain must 

€ counted as strong supporting considerations for the neurovascular 
theory, 

Several other temperature. phenomena find ready interpretation 
Within the framework of the theory. The shift of physiological zero 
With temperature adaptation and the resulting changes in warm and 
Cold thresholds speak most strongly for a theory based on a single 
underlying mechanism. The occurrence of warm and cold sensations, 
reflexly aroused through vasomotor action as in the case of chills dur- 
ing fever, finds ready interpretation and may well constitute one of the 
best lines of evidence favoring the neurovascu 


lar theory. This would 
true, of course, of any temperature theory (such as Bazett's restate- 
ment of the von Frey doctrine) 


that recognized the importance of 
general temperature economy of the skin. The 
retest reliabilities to appear in the mapping of 
hat we have spoken of as the “fickleness” of warm 
y in the neurovascular theory. 


blood vessels in the 
failure of high test- 
temperature spots—w. 
and cold spots—finds some accountabilit 
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The shifting of responsive points may be due to changes in state E 
tonus of the blood vessels. They are known to have their pu 
state altered by blood pressure changes, variations in blood content 
and other autonomous and reflex effects, including emotional reactions. 
The observational properties of warmth and cold also “make sense” in 
terms of the theory. Cold ordinarily puts in its appearance in an 
abrupt, clear, and well-defined manner, whereas warmth is more 
gentle in its mode of occurrence, “welling up" rather than flashing 
out.” Arteriolar contractions are more prompt and definite responses 
than dilatations. Even paradoxical cold produces no embarrassment 
for the theory. Smooth muscle is known to respond to intense stimuli 
with contraction, especially if the stimulus has a mechanical com- 
ponent, and it has been chiefly in connection with very warm thermal- 
mechanical stimulation that paradoxical cold is most commonly 
reported. 

Not all is clear sailing for the neurovascular theory, however. Some 
serious objections may be urged against it. One wonders first about 
the obvious facts of relative distribution of warmth and cold. If the 
same underlying mechanism is responsible for both, why should the 
two have such radically different distributions? Why are there so 
many more cold spots than warm spots? Why do maps of the former 
yield so many discrete points as compared with the latter, and why 
do not warm spot maps fit exactly over those for cold? Moreover, if 
they are generated by impulses passing over the same fibers and con- 
stitute products of one and the same mech 
warmth have similarities in observation? 
feelalike? If they are both b 
be some re. 


anism, why do not cold and 
Why do not cold and warmth 
asically kinesthetic in origin there should 


semblances in their felt patterns, and yet they seem to be 
characterized more by a sharp qualitative difference than by simi- 
larity. 


A number of other established facts find no ready explanation in the 
neurovascular theory. Why should an increase in concomitant pres- 


sure bring with it an increase in number of warmth responses, as 
found by Heiser and McNair (162)? One would suppose that 
either heat or paradoxical cold would result, since the direct action of 
mechanical stimuli on relaxed smooth muscle tissue is to produce 


contraction. Why is the two-point limen, the separation of two puncti- 
form stimuli that can just be discriminated as two, larger for warmth 
than for cold, and why is the 


normal error of localization for warmth 
greater than for cold? A mechanism common to warmth and cold 
should not produce differences of this Sort. Why are the facts of 
intermittent stimulation with radiant heat as they are? It has been 
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shown that a “critical fusion point” for radiant heat can be established; 
discrete and temporally equally spaced warm stimuli yield a continu- 
ous feeling of warmth when repeated every half-second or thereabouts. 
Picturing the direct responses of arterioles to such a mode of stimula- 
tion, one would suppose that a typical summation of smooth muscle 
responses might ensue and that the effect of such repeated stimuli 
might be tetanus (heat, then heat-pain?) or, at least, alternation of 
relaxation and contraction (alternate warmth and cold). How ac- 
count for the findings of Alston (10) with respect to the generation 
of the heat experience from single warm and cold spots separated by 
as much as 10 or 15 cm? There is hardly provided a “general body of 
relaxation” within which constricting elements can operate, as de- 


manded by the theory. 


Many of the foregoing objections t 
with minutiae, of course, and it should be hastily added that the 


classical theory of temperature does no better with them. However, 
a completely ‘satisfactory theory must deal with them. The basic 
difficulty with the neurovascular theory seems to be that, invoking as 
it does a complex and as yet only poorly understood mechanism, it 
both predicts too little and too much. One can find in the physio- 
logical literature of smooth muscle responses instances of nearly every 
kind of reaction. Thus, for example, although a strong mechanical 
stimulus produces sudden contraction of relaxed smooth muscle, such 
a stimulus, applied to partially contracted muscle, may produce a sud- 
den relaxation. Why should not paradoxical warmth occur commonly 
ànd predictably, then? These are the necessary conditions for it. 
Other instances of unrealized predictions could be cited. 

It is yet too early to attempt a final evaluation of the neurovascular 
theory, That it possesses both virtues and defects is apparent from the 
ets the requirements of a good theory in 
air share of the established facts 
realm and it is, moreover, eminently testable. What 


is needed is serious investigation conducted in the light of it. Until 
much more is known about the reactions of arterioles in situ and of 


the correlations between their responses and sensitivity changes we 


Shall not be ina position to decide whether blood vessels play a primary 
temperature reception. 


role or only a supporting one in 


o the neurovascular theory deal 


foregoing. In general, it me 
that it comes into harmony with a f 
in the temperature 


Nerve as ‘Temperature Receptor. So accustomed have we become 
to thinking in terms of specialized receptor organs to perform particu- 
lar jobs of energy absorption and conversion—rods and cones for light, 
hair cells of the organ of Corti for sound, and the plethora of encapsu- 
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lated and free nerve endings for the various forms of energy PRENE 
on the skin—that the possibility that no such specialization may be 
needed for temperature has pretty much escaped us. The observation 
has been made, however, that nerve fibers themselves have an interest- 
ing response to the direct application of thermal stimuli and, in fact, 
meet certain of the specifications for a thermal receptor. Not many 
of the details have been worked out as yet, but some of the funda- 
mental phenomena, which at least indicate the possibilities, have been 
described by Bernhard and Granit (33) : 
of a mammalian nerve preparation is found to set up a local electric 
current at the point of application of the thermal stimulus. This dis- 
turbance, the so-called electrotonic current, is capable of initiating a 
discharge in the nerve and, so long as the potential created by the 
temperature change is maintained, will continue to produce a train of 
nerve discharges. The cooled or warmed portion of the nerve is 
electronegative relative to the region at normal temperature. Appar- 
ently local thermal imbalance is an adequate stimulus for direct nerv- 


ous discharge. The heat flow may be in either direction. It is im- 
portant only that it be of 


a sufficiently high order of magnitude. This 
effect is not to be confused with a more general one, known for a long 
time, in accordance with which nerves discharge at one or another 
frequency, depending on the temperature to which they are subjected. 
Generally, cold Suppresses and heat enhances nerve response, though 
an optimal temperature 


has also been shown to exist in some experi- 
ments. "These more general effect. 


s can be demonstrated by slow 
warming and cooling. The active potentials here in question are 
strictly local ones and may be created in sufficient strength to pro- 
duce a nerve disch 


arge when a drop of only 1° C. is involved. In the 
intact organism, surrounded by what must be considered to be far 


more favorable circumstances for stimulation, a much greater sensi- 
tivity must be realized, 


It would be ironic if, after years of debate as to whether the special- 
ized receptors for warmth and cold are Krause end bulbs and Ruffini 
cylinders or Sensory endings in arterioles, it should turn out that there 
are no specialized endings at all but that nerve is its own receptor for 
temperature. Time. and a great deal of experimentation—will be 
needed to provide an answer, 


- Rapid warming or cooling 


[2 


Kinesthetic and 


Organic Sensibilities 


“Deep” Sensibility and Kinesthesis. All receptor systems thus far 
considered—those for vision, hearing, and the cutaneous senses—may 
be classed, according to the scheme introduced by Sherrington (258) 
long ago, as exteroceptors. All sense organs belonging to this class are 
stimulated from without the body and provide knowledge of events 
external to it. The chemical senses, smell and taste, likewise belong 
in the exteroceptive category. Many internal bodily changes also 
have their effects on receptor organs and result in sensation. These 
Organs are the interoceptors and have as their receptive field the gastro- 
intestinal tract. We shall encounter them later as the mediators of the 
so-called "organic" sensations. 

Between the outer and inner bodily surfaces there exist other sense 
organs—in subcutaneous tissues, in the walls of deep-lying blood ves- 
sels, in muscles and tendons, in the coverings of bones (periosteum), 
and at the articulations of bones. Because these receptors are stimu- 
lated mainly by actions of the body itself they are called propriocep- 
tors. This class of sense organs also includes, according to the original 
classification of Sherrington, the very special receptor system which is 
located in the non-auditory Jabyrinth of the inner ear and which, 
through the generation of an elaborate set of postural reflexes, is 
responsible for the maintenance of general bodily equilibrium. 

Separate study of the receptors lying between the outer and inner 


walls of the body is not easy to arrange, and there is consequently 
information concerning them. If 


Something of a dearth of reliable } 
they are stimulated in their normal surroundings other tissues con- 
are necessarily involved, thus 


taining responsive nerve terminations à y i 
Producing confusion in experience. If they are investigated in physio- 


Ogical preparations the data are then restricted to electrophysiological 

indications, and the picture of the sensory process 1S only indirectly 

Obtained and quite incomplete. Of course, it is possible to approach 
233 
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certain of the deep-lying receptor systems by way of the body surface, 
eliminating either by anesthetization or surgery the contributions of 
the purely cutaneous nervous components. This was what was done 
by Goldscheider in a series of experiments in which he investigated 
deep pressures and pains after dulling the overlying skin with cocaine. 
This was also what was done by Henry Head and a succession of 
researchers who repeated his experiment of dividing the median cu- 
taneous nerve and rendering anesthetic a substantial 
arm and hand (see pp. 204—907). 

It was, in fact, in connection with He 
designation "deep sensibility" first came 
the nerve and testing in the center of the 
that, whereas light pressure. 
aroused no response, heavy 


area of the fore- 


ad's original work that the 
into being. Upon severing 
affected skin area he found 
» needle prick, and temperature stimuli 
pressure evoked a deeply localized feeling 
of dull pressure which, if increased in intensity, passed over into dull 
pain. Presumably subcutaneous nerve endings w 
Just how deeply situated they were it would b 
Head believed them to be terminations of sensory nerves running their 


courses with motor nerves and thus unaffected by destruction of super- 


ficially disposed Sensory nerves like the median cutaneous, The end- 
ings involved could, of 


course, be free terminations extending no 
further toward the surface than into the connective and adipose tis- 
sues of the subcutaneous regions. There are known to be many such. 
The endings could have been Pacinian corpuscles; in some parts of 
the body deep-lying tissues are somewhat freely supplied with these 
large, encapsulated end organs. Were sensory nerve terminations in 
muscles, tendons, and joints brought into play? They could conceiv- 
ably have been. We know little of the distorting forces necessary to 
arouse these receptors. Possibly heavy pressures exerted on the skin 
are conducted to underlying muscles and bones with sufficiently small 
loss to be effective there, 


vere being stimulated. 
e important to know. 


Such “passive” appreciation of pressure properly comes within the 
meaning of “deep sensibility,” as conceived by Head. A far more im- 
portant set of sensations—important for its consequences in behavior— 
is that comprising the mass of feeling generated by movements of the 
body itself. This kind of sensitivity has been known, since the 
origination of the term by Bastian in 1880 (45, p. 525) or kinesthesis 
(literally, "feeling of motion"). Here belong the mare or less con- 


tinuous—and little-attended—sensations originating in muscles, ten- 
dons, and joints. Bastian included the labyrinthine receptors as part 
of the “kinesthetic” system. Current usage tends, in most contexts, 
to restrict the term “Kinesthesis” to feelings aroused by movements 
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of muscles, tendons, and joints or, in Goldscheider’s terminology, the 
muscular, tendinous, and articular senses. Had they any peculiar 
qualities to contribute to experience these sensations would perhaps 
be better known and would receive distinctive names. As it is, they 
seem only to yield pressures and, very occasionally, pains. Their pat- 
terns are generally massive ones, deeply and diffusely localized and, 
moreover, combined in a multitude of ways with sensations arising 
from the superficial cutaneous senses. All of this makes observation 
of kinesthetic patterns difficult and uncertain. However, some facts 


are established. 


Relative Roles of the Kinesthetic Receptors. It was originally dis- 
covered by Goldscheider, in a notable series of experiments (122, 
123), that the appreciation of passive movement imparted to the limbs 
comes chiefly from the joints rather than from the muscles. By cocain- 
izing the overlying skin and muscles he was able to show that the 
articular sense,” joint sensibility, was mainly responsible for providing 
the sense data upon which discrimination of limb movement de- 
pends. Contrariwise, passing strong faradic currents through the joints 
rendered them much less sensitive, greatly elevating thresholds for 
the detection of movement. Historically, Goldscheiders discovery 
Tepresented an interesting turn of events, for, since the days of 
Charles Bell (c. 1826), the “muscle sense" had been pretty generally 
looked on as a sixth sense (to be added to Aristotle's original five), 
ànd it was believed that receptors embedded in muscle were chiefly 
responsible for originating the feelings underlying appreciation of 
Posture, weight, resistance, and bodily movement, M 
. Other proofs of the importance of the role of joint sensibility come 
from abnormalities. Cases are known in which anesthesia has invaded 
the muscles and overlying skin with, however, full retention of articular 
Sensitivity. In such instances there is little, if any, disturbance of the 
movement in the affected limb. The con- 
Verse type of pathological separation of function is also known. Bone 
disease may abolish the joint receptors and yet leave the muscles and 
skin unaffected. Here the result is also the predicted one; capacity to 


Appreciate posture and movement is destroyed. 


$ NS A e : :oimts Ñ 5. asuremen 
Discrimination of motion at joints proves, on meas t, to be 
) devoted a lengthy and 


Temarkably good. Goldscheider (op. cit. thy | 
thoroughly systematic set of experiments to threshold determinations, 
"i Whether measured in terms of 


Over 4000 observations being entailed. a 
the minimum angular displacement that could be detected (rate of 


m ` i f the minimum veloci 
'ovement being held constant) or in terms © locity of 


ability to perceive passive 
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motion that was discriminable, it was found that, of the c ien 
tested, the shoulder was the most sensitive and the ankle was the “er 
Displacements of 0.22 to 0.42 degree (at a speed of 0.3 ge 
could be discerned at the shoulder. The wrist and knuc ve e 
index finger were nearly as sensitive (0.26-0.42 degree and " a 
degree, respectively), while the ankle required relatively x apa a 
placements (1.15-1.30 degrees). More recent measurements by Lai 

law and Hamilton (192) on 60 normal subjects yielded results em 
erally in agreement with Goldscheider’s figures, thresholds at diferen 
joints varying on the average between roughly 0.2 and 0.7 Vg 
though in these experiments the speed of movement was much. ess 
(10 degrees/min). The hip proved to be somewhat more sensitive 
than the shoulder, and the main joint of the big toe (the metatarsopha- 
langeal, not measured by Goldscheider) gave the highest values of the 
12 joints investigated. In both sets of results it is clear that movement 


at the larger and more important joints, such as the hip and shoulder, 
is apprehended somewhat more readily than 


at the finger and toe 
articulations. 


For the appreciation of movement of a limb, whether the motion 
is passively imparted to it or actively initiated by the organism, the best 
evidence seems to indicate, then, that receptors in the neighborhood of 
joints are primarily responsible for providing the raw data on which 


the perception of such motion depends. What of the role of receptor 
organs situated in muscle and tendon? 


Their importance seems to 1 
to the total kinesthetic pictur 
encountered. Let something 
bones be placed upon their 


ie chiefly in the feelings of strain added 
€ when resistance to limb movement is 
more than the normal demand of moving 

attached muscles, and evidence for feel- 
ings originating in muscular and tendinous tissue becomes evident by 
direct observation. Either require a heavy weight to be lifted or, 
more vividly still, continuou 


sly exercise a muscle group under condi- 
tions of diminished blood supply (by applying a tourniquet above it), 


and the feeling of strain—and, eventually, ache or even sharp pain— 
will assert itself. Most muscles and tendons are, indeed, well supplied 


with sensory endings. In the case of muscles the innervation is a 
somewhat complex one, 


Kinesthetic Receptor Organs. Since the extensive and painstaking 
work of the British physiologist, 


B. H. C. Matthews (207, 208), the 
end organs responsible for initiating proprioceptive messages have been 
quite well understood. 


Four sets of Teceptors are involved, two in 
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muscle proper, one in tendon, and one in the fascia associated with 
muscle. Matthews has designated them, respectively: A;, A», B, and 
C endings. The anatomical arrangement of all but the last type is 


illustrated in Fig. 80. 


| 
| 


Ned -— and sensory, of a 
Fic. 80. Nerve endings in muscle. Innervation, both mont a EUN 
group of muscle ey Motor neurones are ihast at nde ines 
Sensory fibers subserving kinesthesis are ec : n (annulospiral endings) at 
Spray” endings) at the termination of fiber d; Type A2 ers M "The DM 
the end of b; and Type B ( Golgi tendon organs) termi goa e Re a 
labeled e is ü small blood vessel innervated by SENSE, n of Dad Univ is 
Sympathetic plexus, sp. From guis, T By .permissiol j IIS 

ress. 
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The form of termination picturesquely called C Api ed 
is the A; type and is found, in the diagram, at the end o as AF 
diameter fiber, d. A, fibers are found to be stimulated by pins 
stretch of the muscle. Active contraction brings about an S Sa 
cessation of A; activity. A slight tension exerted on the artical ir 
variably brings the flower-spray endings back into play, and a str ong, 
sudden stretch may excite a sufficiently high level of activity to A 
duce sensory impulses from A, at frequencies up to 500 per second. 
A, then, signals muscle stretch and makes no report during active con- 
traction. About 50% of the fibers in muscle are of the A, type. 


Nerve fiber. 


Tendon bundles 


" of Golgi, showing SEE. 

ramification of nerve fibrils 

Fic. 81. Kinesthetic receptors in tendon. The B-type receptors of Matthews 

«Ms s- 

(207, 208) or Golgi tendon organs. From Lickley, 200. By permission of Long 
mans, Green and Company, New York. 


Muscular fibers 


Az fibers (b in the diagram) are of | 
prompt to report. However, situ 
vide much the same data as do tł 
respond to stretch by initiating ir 


arger diameter, hence more 
ated as their endings are, they pro- 
he Ay type. They likewise normally 
mpulses and cease firing upon active 
contraction of the muscle, However, the terminations of As (called 


“annulospiral” endings) do show heightened activity during a very 
strong contraction. This is presumably because they are wound around 
so-called “intrafusal” fibers, modified red muscle cells which also con- 
tract when the main body of the muscle contracts vigorously. Then 
the annulospiral endings are stimulated mechanically. Both A; and A 2 
fibers will continue to fire with great regularity when the muscle is 
slightly stretched. They adapt very slowly, an important character- 
istic in a mechanism reporting postural adjustments, " 

Receptors of the B type are presumably the tendon organs of Golgi 
(see Fig. 80, & and Fig. 81). These have been known since 1880; 
though no clear records of the responses of their attached fibers be- 
came available until the experiments of Matthews. B receptors have 
higher thresholds than do either Ai or As, However, they respond 
with some regularity to tension, however it is imposed. Thus they 
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signal both stretch and active contraction. Measurements of action 
potentials in their attached fibers show that their response (impulse 
frequency) is roughly proportional to the common logarithm of the 
tension. B receptors are, then, general tension recorders, and their 
function is somewhat less specialized than those of the A; and A» 
types, 

The receptor designated “C” by Matthews is perhaps the Pacinian 
corpuscle. Unlike the other forms of proprioceptors, this encapsulated 
ending is found to adapt very quickly. If the fascial sheaths of muscles 
are cut away the C type ending disappears. In any case they are 
few in number and cannot be very important in the total picture of 
They do, however, go into action during muscle 
movements, as do endings of the B type. The suspicion is strong that 
their contribution is to report mechanical deformations whether im- 
posed from without (“deep pressure”) or from within (muscle move- 
ment), 

The foregoing analysis of the receptor systems in and around muscle 
is complete except for the omnipresent free nerve ending. Muscles 
are, of course, highly vascularized tissues, and blood vessels are sensi- 
tive structures, At least, they are well supplied with sensory nerves of 
the freely terminating variety. Whereas many of these doubtless have 
the primary duty of initiating reflex reactions concerned in the mainte- 
nance of thermal equilibrium, it is perhaps also the case that they 
Small, unmyelinated endings are found dis- 
out muscle, tendon, fascia, ligaments, and 


joints, The exquisite pains associated with muscle cramps and sprains, 
] with muscles exercised under conditions 


the severe aches connected s E 
of diminished blood supply, and the breathtaking oe pe Nerd 
quent upon puncturing the fascia with a needle al tid a wealth 
of Sensory innervation, and the free nerve ending is, p cee digi cr 
as the originating agent. The details are as yet obscur a x ; E: — nt 
of evidence favors the interpretation that, in all these su x RA Ks en 
85 in the skin, the free nerve ending is a pain receptor. AS In the'skins 


1 
"(o H "e H 
Whether it is the pain receptor future research will have to decide. 


muscular response. 


can arouse sensation. 
tributed widely through 


sation. It has long been a common- 


Place in surgical experience that organs of the pig dig | 
>e freely manipulated, even squeezed, tory oy ER eer 
cnefit of anesthetic, provided only that erii ie or ty : : 
direct mechanical or thermal stimulation of the 3» y Ww ders a oc 

isceral organs are, in ge al, posue cuit ieee l des 
tomically, it is the case that there are far more n pplying 
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neri 
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the viscera than there are sensory fibers reporting on their action. 
Moreover, the vast majority of afferents from the viscera have nothing 
to do with sensation. They are exclusively concerned with the media- 
tion of reflexes, themselves controlled at relatively low levels of the 
central nervous system, which are necessary to the maintenance of the 
vast and intricate economy involved in circulation, respiration, diges- 
tion, excretion, and related vegetative functions. 

However, it is not the case, as has frequently been stated, that “the 
viscera are insensitive.” They are only relatively so. On occasions, 
when large distending forces are present (e.g., “gas pains”), or when 
their smooth muscle tissues go into a state of strong contraction 
(spasm, “cramps” ), or when subjected to the action of unusual chemical 
irritants, certain of the viscera are demonstrative enough. It is no 
solace to the angina sufferer or the victim of a kidney stone to be 
told that “the viscera are insensitive”; he knows better, at least about 
some of them. But the large and sudden distentions responsible for 
such pains are not of usual or normal occurrence, and, fortunately, 
enough is known about their neural bases to permit a certain amount 
of management of them, A generality which is useful here is that 
pains originating in organs of the viscera are reported almost ex- 
clusively over fibers belonging to the sympathetic division of the auto- 
nomic nervous system, Contrariwise, afferent impulses concerned in 
visceral regulatory reflexes and in reporting non-painful visceral sensa- 
tions are conducted over parasympathetic fibers. There are known 
exceptions to this rule in the case of some of the pelvic organs, e.g» 
the bladder. This clear separation of function makes possible a variety 
of neurosurgical attacks on persistent and unbearable pain arising from 
visceral sources. By stripping the artery supplying the organ (since 
sympathetic axons usually follow the artery closely), removing the 
appropriate sympathetic ganglia, cutting several posterior roots at the 
Proper cord level, or sectioning the anterolateral tract of the cord it 
becomes possible to interrupt the pain pathway without seriously dis- 
turbing the normal functioning of the organ so denervated. 

By any practical criterion the problem of pain is, of course, the most 
urgent one to raise in connection with the visceral organs. But, as 


has been intimated, some of the viscera are capable of yielding other 
Sensory patterns, several of them sucl 


i : h as hunger, thirst, and nausea 
quite elaborate in their modes of appearance, Organs of the ali- 
mentary tract can, up to a point, be explored for their sensitivity to 
mechanical pressure, electric currents, and thermal changes. with 
Somewhat less accuracy their reactions to chemical stimuli can be 
ascertained also. In the majority of the few studies directed at re- 
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vealing normal sensitivity of the gastrointestinal tract the technique 
has been that of the stomach balloon. Varying pressures, with slow 
or rapid onset, can be produced by inflation of the balloon, and the 
pneumatic system can itself be used as a recording device for muscular 
contractions of the stomach wall. Thermal sensitivity can be investi- 
gated by means of a simple stomach tube through which is conducted 
hot or cold water, a smaller rubber tube running through the larger 
one carrying the wires of a thermocouple to record temperature of the 
stomachic contents. Similar techniques may be used for studying 
responses to pressure and thermal stimulation of the colon. Electrical 
Sensitivity of the esophagus has been demonstrated with the use of a 
stomach tube bearing on its external surface a series of metal rings, 
each capable of serving as an “active” electrode in the stimulation 


process. 


The classic study here is that of ho, 
many of the earlier experiments that had yielded conflicting results 


and at the same time avoiding many of the previous errors of control, 
was able to show that parts of the gastrointestinal tract are sensitive 
to pressure, warmth, cold, and chemical stimuli. The pressures ef- 
fective for the alimentary canal are not those of contact or simple 
deformation but relatively large distending ones. Slow inflation of a 
tubber balloon against the walls of the esophagus (or the colon) re- 
sults in the eventual arousal of a broad pattern of muscular pressure. 
Rapid inflation may produce deeply localized pain or ache. Release 
of air pressure from the balloon promptly brings the painful or pres- 
sural feelings to an end. Similar pressure variations introduced in the 
stomach proper are without effect. However, the stomach does prove 


to be thermally sensitive, as is also the esophagus. An increase in 
bout within 6 sec by pouring 


stomach temperature of 5° F., brought a iin | ; 
25 ce water at 60° C. through a stomach tube, is felt as warm. A 
Similar amount of icewater will reduce stomach temperature by 5? C. 
in the same period of time and will be felt as cold. rou these pena 
are appreciated by way of deep-lying receptors ia i s e h es 
Is attested by the fact that skin temperatures, record ec fe ho y 
from the adjacent body wall, remain virtually pum) thipug oe 
Such experiments. Thermal conduction to boire dm thus 
Cannot be responsible. Chemical stimuli such as es p oi s pepper 
Mint, and mustard in suspension introduced directly to the stomach by 
Way of a rubber tube can be appreciated. m PIE 
Localization of visceral sensations is not Ein a bos ty. = 
Constant and reproducible is the error of lg E fount fee dt 
Certain pains that the phenomenon constitutes a commonplace o 


Boring (41, 42), who, repeating 
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clinical practice, so-called referred pain. The oe NR 
referred visceral pain is that associated with angina pector 2 agen T 
pain arising in the heart is localized in the chest wall anc K I 
radiate outward to the underside of the arm. Another clear y 95 E 
nizable instance of referred visceral pain is that occurring in s 
colic. A stone passing down the ureter produces a sharp pain w x : 
however, appears not to move but to be referred constantly to 
groin. This happens despite the anatomical fact that the upper end 
of the ureter is situated under the last rib! N 
volve such large errors of localization, nor 
visceral origin. Certain som 
margins of the diaphragm, ma 


ot all referred pains in- 
are all referred pains of 
atic pains, e.g., those originating in the 
y be referred considerable distances away 
from the site of stimulation. In general it seems that those sensations 
which have a fairly superficial and easily identifiable mode of initia- 
tion tend to be localized with some accuracy; those having a deeper 
origin are subject to larger localization errors. The full explanation of 
this is not obvious. It may be that the relative infrequency with which 
deeply disposed tissues are ever restimulated in identical fashion mili- 
tates against the building up of a localization schema for these organs. 
Localization, so far as present evidence attests, is a product of learn- 
ing, and, hidden from sight as the viscera are, the chances are remote 
of learning directly much about one’s own viscera and particularly of 
verifying the sources of their stimulation. 

Much of the apparent mystery surrounding the faulty localizations 
of “referred” sensations disappears when attention is paid to the under- 
lying neurological facts, Spread of excitation within a dermatome 
(see p. 172) is a natural consequence of the intimacy of neurological 
relationship existing within a given spinal segment. Especially in the 
case of the strong stimuli necessary to the production of visceral pain, 
“flooding over” at the spinal level is to be expected. It is not surpris- 
ing, therefore, that a common reference for pain is to the opposite side 
of the body to that affected, localization being in the area of the cor- 
responding dermatomal Segment. Nor is it surprising, once the derma- 
tomal projections of the Spinal segments have been studied, that cer- 
tain unilateral anomalies of localization should occur. In the instance 
of the seemingly odd radiation of anginal pain into the left arm, for 
instance, it is actually the case that the same thoracic segment that 
sends fibers into the chest area over the heart also innervates the inner 
side of the upper arm. "Synthetic" angina has been produced by Lewis 
and Kellgren (199) by injecting the appropriate interspinous ligament 
with 57 saline solution, which produces a strong irritation of the spinal 
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center and pain projected to its dermatome. The pain in this case was 
indistinguishable in localization from that of true angina pectoris. 

One interesting anomaly of localization is that occurring in the 
esophagus. It may be noted that very cold or hot food seems to 
disappear, on being swallowed, only to reappear in the stomach region. 
The supposition would be that the esophagus is thermally anesthetic. 
Actually, if the esophagus is explored carefully it is found to be sensi- 
tive throughout its length to both warmth and cold. Why, then, the 
apparent contradiction between everyday experience and experimental 
result? This question was answered by Boring, who performed the 
instructive experiment (41) of electrically stimulating five levels of the 
esophagus, separated evenly by 5-cm spaces. The subjects were re- 
quired to localize each internal stimulation by pointing to the appro- 
priate place on the chest or neck. Whereas all five loci were effective, 
it turned out that there is not a one-to-one correspondence between 
Position within the esophagus and that of the overlying thoracic wall. 
Stimulations near the upper and lower ends of the esophagus were 
fairly accurately localized; there was 2 tendency for higher stimula- 
tions to be referred upward to a point above the clavicle, while the 
lowest tended to be shifted still further down, below the end of the 
sternum, Stimulations in the middle reaches of the esophagus were 
rarely accurately localized, being commonly referred either up or 
down. Sometimes they had a double reference, both up and down. 


Organic Sensory Patterns: Hunger. It was suspected ae = a 
T i ir origin in contractions 
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Fic. 82, Recording of hunger contractions. 


(54), devised in 1911 and widely used since, for revealing motions of the stom- 

ach wall in hunger. Note the correspondences between record D, which registers 

hunger pangs, and record A, which is of stomach contractions. C is a time line, 
E a record of abdominal breathing. From Cannon, 53. 
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stomach contractions and thus are kinesthetic sensations of a certain 
pattern. However, the mere fact that gastric contractions can be 
shown to be taking place when hunger is reported does not prove 


that vigorous motion of the stomach wall is either sufficient or neces- 


sary to arouse hunger feelings. Both events may be traceable to 


another, more deeply seated mechanism. That strong contractions are 
not of themselves sufficient to produce hunger pangs is demonstrated 
time and again in gastric records. Violent contractions may occur in 
the absence of any experienced hunger. There is, of course, nothing 
surprising about this; stimulation, however strong, does not necessarily 
result in either sensation or response. Inattention, fatigue, or some 
other inhibitory influence may prevent it. That stomach movements 
may not be necessary to hunger is a conclusion forced by clinical ex- 
perience. In a case in which the stomach was totally removed and 
the esophagus joined directly to the intestines (297) desire for food 
continued to be felt, and the patient ate normally. Similar implica- 
tions are involved in the finding that rats surgically deprived of their 
stomachs will perform normally in maze learning even though the 
"hunger drive" is used as a motivating force. The same animals show 
às much activity in hunting food as normal rats do, and they yield 
normal scores on an obstruction apparatus designed to measure the 


strength of the “hunger drive.” 
It is at this point in the search 
ambiguity of meaning begins to per 


at once the name for an organic sensory 
pain” experienced when the stomach is empty, and also for the desire 


for food or urge to eat—in short, appetite. If eating were entirely a 
matter of satisfying hunger pangs, meals would become very brief 
affairs, for the first few mouthfuls of food are sufficient to reduce the 
Strong gastric contractions to à level subliminal for sensation. Food is 
not the only agent having this effect. Even non-nutritive and indi- 
Eestible substances—bits of leather, moss or clay—will temporarily 
allay hunger pangs. Swallowing hard, tightening the belt, or smoking 


Will do the same. It is well known that strong emotions will promptly 
f a of all digestive activities. The 


produce a thoroughgoing cessatior l e 
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the organism’s need for food have been unearthed. Blood transfused 
from a starved dog into a satiated one will set up vigorous gastric 
contractions in the latter. Conversely, blood from a recently fed dog 
will inhibit stomach contractions in a starving one. Clearly there is a 
chemical principle at work here. What is it? At one time the answer 
seemed entirely obvious and simple. Blood sugar level was thought 
to control the hunger mechanism. A deficiency of blood sugar, brought 
about either by abstention from food or by the use of insulin, has been 
shown to augment gastric contractions. Also, glucose injected into the 
blood stream will, under some circumstances, abolish hunger contrac- 
tions. However, the close correlation between the onset of hunger and 
fluctuation of blood sugar concentration that would be predicted on 
the basis of these relationships did not materialize as further experi- 
ments were performed, Apparently the answer is somewhat more 
complicated than was at first suspected. Perh 


aps a "hunger hormone,” 
as yet unidentified, is at work. Possibly the genesis of hunger con- 
tractions is to be found in the workings of central neural mechanisms 
rather than the peripheral ones that seem to have been favored up to 
now by the experimental evidence. The facts yield themselves up 
slowly, and a final conclusion is not yet in sight. 


Organic Sensory Patterns: Thirst. Just as hunger seems to be most 
immediately connected with strong contractions of the stomach walls, 
sensations of thirst can be shown to be set off by dryness of the mouth 
and throat. That local conditions in the throat region are directly 
related to thirst sensations is not only the conclusion from experience; 
it can be demonstrated by experiment as well. Any set of conditions 
which will produce drying of the tissues of the mouth and throat will 
induce thirst in some degree. Thus the breathing of hot dry air, the 
chewing of desiccated foods such as crackers, or prolonged speaking or 
singing are familiar thirst-provoking situations. In all these the nor- 
mally moist surfaces of the buccal cavity become partially dehy- 
drated, and distressful feelings of dryness and stickiness result. Very 
intense thirst may be induced experimentally by the subcutaneous 


injection of atropine. In one such experiment Cannon (52, Chap. 16) 
measured the output of the saliv. i 


atropine and found it to be 13,5 ce is E e E gis RUE 
had fully taken effect the flow Was reduced to 10 » and "all the 
feelings that were noted in ordinary thirst—the Sha f ar 7 e a 
the stickiness of the moving parts, the difficulties of mde end swal- 


lowing—all were present" F lushing out the mouth with water pro- 


duced an immediate cessation of the Symptoms 
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Further light on the mechanism of thirst comes from a considera- 
tion of ways in which it may be allayed, once present. Whereas no 
permanent solution comes from it, holding in the mouth acid sub- 
stances which will increase saliva flow or sipping water and swishing 
it about in the mouth will, as all athletic coaches know, temporarily 
reduce or abolish thirst. A very much more dramatic device is that 
of painting the back of the mouth with novocaine. Once the tissue is 
dulled in this manner thirst is effectively subdued. In cases of polyuria, 
with its incessant and tormenting thirst, relative comfort has been 
brought about by anesthetizing the throat. 

The output of the salivary glands in relation to dehydrating influ- 
ences in their immediate neighborhood would appear, thus far, to be 
the key to the understanding of thirst. It is the chief factor, but it 
can also be shown that others are involved. Influences of a general 
kind can produce thirst. Thus profuse sweating or excessive loss of 
fluids by way of the bladder and intestines will upset the water bal- 
ance of the organism and, sooner or later, cause thirst. The yielding 
up of milk by the nursing mother is followed by a strong desire for 
water. Loss of blood through hemorrhage is likely to result in ex- 
cessive thirst; the universal cry of the battlefield is, “Water, water!” 
States of emotion, all of which affect the organism in a widespread and 
indiscriminate manner, inevitably have thirst as one of their common 
components. The distressing thirst accompanying stage fright is a 
notable part of the torment suffered by the novice in public speaking. 
What have all these very general conditions of the organism to do 
with local moistness of the pharynx? 

The considerations here are the analogues of those we encountered 
in connection with the interpretation of hunger. Thirst must be 
thought of, on the one hand, as a pattern of sensation (comparable to 
the “pangs” of hunger) and, on the other, as a complex motivating 
force (like appetite). “Appetitive thirst” doubtless dictates how long 
we shall continue to drink at any one time. Dryness of the mouth and 
throat should, after all, be brought to an abrupt end by the first gulp 
of water. Sensations from the throat presumably cannot serve either 
to motivate in the direction of prolonged drinking nor inform one as 
to how much to drink. Yet, through careful regulation of intake all 
normal humans—and a great variety of differently constituted sub- 
human species—maintain a nice water balance. The precision of bal- 
ance is most obviously manifest in the blood, which is preserved in a 
nearly constant state at the expense of water reserves in all other 
bodily tissues. The essential connection between thirst as locally initi- 
ated by the tissues of the throat and thirst as originated by a bodily 
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need is to be found, according to Cannon, in the mechanism of the 
blood’s water balance. Among the structures which are called upon 
by the blood to yield up water are the salivary glands. Whereas the 
three sets of salivary glands comprise only one group of tissues upon 
which the demand is placed, the salivary glands are especially un- 
favorably affected by the water deficiency. They differ from almost 
all other tissues in that they need an entirely adequate supply of water 
if they are to perform properly their service to the organism. Their 
own secretion is almost pure water (97-99%), and the consequences of 
bodily water depletion are for them very great. Strategically situated 


as the salivary glands are and responsive as they 


are to the slightest 
changes in water bal 


ance, they constitute delicate indicators, sensitive 
reporters of body hydration. By permitting the epithelial tissue of the 
pharynx to dry out, the salivary glands are responsible for initiating 
the sensory pattern we know as thirst. When water is imbibed it 
becomes available to the salivary glands, which once more moisten 
the buccal cavity and keep it lubricated. According to this view, then, 
the salivary glands provide the necessary link between thirst- 

tite and thirst-as-sensation. It becomes clear why excessive sweating 
should cause, among other symptoms, a parched mouth and also 
why it is possible to slake thirst somewhat by introducing water to the 
body by way of a stomach tube or injecting it into the veins. 


as-appe- 
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Equilibrium. Mechanisms of the Inner Ear. It was earlier pointed 
ut, in a description of the auditory response system (p. 108), that the 
bony labyrinth of which the cochlea constitutes one portion also con- 
tains two other parts, non-auditory in function. These are the ves- 
tibular sacs and the semicircular canals. In our consideration of audi- 
tion we set them aside as not germane to the discussion. Now, as we 
Day attention to the receptor systems involved in internal sensibility, 
they come to be important to us. Within the vestibule and semicir- 
cular canals are initiated many of the sensory processes responsible for 
muscular tone and postural adjustment. Thoroughgoing injury to the 
labyrinth has many consequences other than total deafness; flabbiness 
of the neck, limb, and trunk muscles and disturbed action of the eye 
muscles are likely to ensue. All these changes, taken together, in- 
evitably mean disordered movements and equilibrium failures, 

Though there must be a very intimate coordination between the 
Activities of receptors situated in the semicircular canals and those in 
the vestibular sacs, the two sets of end organs are clearly different 
in detailed construction, and they function in accordance with some- 
What different principles. One important characteristic they have in 
Common, however. Both participate in neural systems which make 
no direct report to the cortex of the brain. The “labyrinthine sense,” 
38 it is sometimes called, yields no sensations! That is, it yields none 
directly in the same way that vision, audition, and the other senses do. 
t appears to have no “qualities” of its own. After a vigorous swirling 
about in a rotating chair, for example, observe carefully what the 
resulting “dizziness” actually feels like. It will be found to have a 
Quite complex pattern of which prominent components are: kinesthetic 
Sensations from the eye muscles, which are making powerful and 
rapid compensatory adjustments; pressure sensations from the chest, 
head, and visceral regions; and perhaps a series of puls 
tions which depend on vascular changes. 
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ating sensa- 
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will be elaborate and rapidly changing visual sensations also. Note 
that all these experiences are accessory and indirectly aroused. There 
is nothing coming out of the analysis of feelings of dizziness to tell 
one that the primary source of stimulation is the inner ear. 

While the distinction rests on somewhat shaky foundations, the cur- 
rent belief is that the semicircular canals and the organs of the vesti- 
bule subserve two somewhat different functions. The canals are 
thought to be solely responsible for initiating reflex responses to rotary 
motion imposed on the organism, whereas the vestibular organs, the 
utricle and the saccule, are believed to respond to changes of head 
position involving linear motion. There is no denying that the re- 
ceptor cells, the anatomy and disposition of which are fairly well 
known in each case, are admirably adapted to this particular division 
of function. There are, however, some experiment 
indicate that the semicircular canals may play at least a secondary role 
in static positional adjustments and that the utricle may participate in 
reactions to strong rotary motions. 

The manner in which they 
about how the various organ 
operate. Let us consider the 
sacs separately, 


al evidences which 


are constructed tells one a good deal 
s of the non-auditory labyrinth must 
semicircular canals and the vestibular 


The Semicircular Canals and ‘Their Stimuli. 
right angles to each other, one for e 
the three semicircular canals, 
labyrinth and to each other ar 
two labyrinths together (right 
lateral canals fall approximatel 


Lying approximately at 
ach major plane of the body, are 
Their relations to other parts of the 
e shown in Fig. 83. Considering the 
and left sides of the head), the two 


y in the same bodily plane, the right 
anterior and left posterior do the same, and so do the left anterior 


and right posterior. The six canals thus form a three-coordinate sys- 
tem to which gross bodily motions may be referred; the three "spirit 
levels" of the body, William James called them. 
cular canals vary from 15 to 22 mm in length, the 
longest and the lateral the shortest. 

canals averages about 0.8 mm. Within the bony labyrinth lies the 
membranous labyrinth, all parts of which are continuous with each 
other and with the sacs of the vestibule, Surrounding the entire mem- 
branous labyrinth and apparently serving as a lubricant to prevent it 
from rubbing against its bony surroundings is a wate 

lymph. The membranous canal itself contains a liquid, endolymph, 
which plays an important part in stimulation, In response to pressures 
it either shifts its position or circulates within the canal. If it circulates 


The bony semicir- 
posterior being the 
The internal width of the bony 


ry fluid, peri- 
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it flows through tubes which have a “bore” of only about 0.2 mm over 
most of their length, and a great deal of frictional resistance must have 
to be overcome. 

At one end of each semicircular canal, just as it enters the vestibule, 
there appears an enlargement. This region is known as the ampulla. 
It is important because, as is suggested by Fig. 83, it contains the end- 
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Fic. 83. The semicircular canals and their relation to the cochlea. The right 

labyrinth is shown, large portions of the protecting bone being cut away to reveal 

© membraneous canals and sacs inside. The three semicircular canals are 
approximately at right angles to cach other. 


ings of the vestibular or non-auditory branch of the eighth cranial 
nerve, The internal structure of the ampulla is remarkable and pro- 
Vides the key to the understanding of how the canals operate. Within 
each ampulla is a structure, the crista, which houses the terminations 
of the vestibular nerve. The nerve endings have a not uncommon 
orm, one with which we are familiar from our study of hearing: hair 
Cells (see Fig. 84). The hair fibers project into a gelatinous mass, the 
“upula, which extends from one wall of the ampulla to the 


opposite 
one, x 


The cupula is fixed at its base (where the hair cells enter) but is 


ree to swing at the distal end. This it does in response to hydraulic 
Pressures created within the endolymph. The immediate stimulus for 
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the discharge of nerve impulses in the hair cells is, therefore, re: 
of the cupula with consequent distortion of the crista. ate ae 
one has ever actually witnessed it happening, the supposition is tha 
motion of the cupula stretches the hair cells on the side away from 
the bending and slackens those on the side toward it. Impulses set up 
in some such fashion in the dendritic endings of the vestibular fibers 
pass over these fibers to the medulla, where synaptic endings occur 
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Fic. 84. Receptors of the non-auditory labyrinth. A, diagram of the crista, show- 
ing the hair-cell terminations of the non- 


auditory branch of the eighth cranial 
nerve projecting into the cupula, a gel: 


atinous structure. B, diagram of the 
macula, a structure found both in the utricle and the saccule. This similarly 


houses hair-cell nerve endings. 


in the vestibular nuclei of that organ. The vestibular portion of the 
eighth nerve (about 19,000 fibers, comprising half the total nerve 
bundle) contains chiefly large fibers (10 y to 15 i, in diameter), though 
small ones down to 2 p are also present. This means that impulses 


from the non-auditory labyrinth are, in general, rapidly conducted 
ones, as might be expected in a 


system responsible for emergency 
reflexes. 

The normal or “adequate” stimulus for the 
would seem, at first glance, to be bodily 
straight-line or rotary, can be shown to be insufficient, in itself, to 
stimulate the cristae. Gently rotate a blindfolde 
lessly turning chair of the barbershop variety, 
that he perceives motion only when the ch 
appreciably. If the rate of rot 
will not feel himself to be tu 


receptors of the canals 
motion. But motion, whether 


d subject in a noise- 
and it will be found 
air is gaining or losing speed 
ation is held approximately constant he 
rning. It is not motion but change of 
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rate of motion, acceleration or deceleration, that constitutes the ade- 
quate stimulus for the semicircular canals. 

In the vast majority of normal situations changes in rate of bodily 
motion are the only stimuli encountered. However, there are other 
kinds of stimuli, for the most part experimentally applied only, that 
initiate ampullar activity. Heat or cold (caloric stimulation) is ef- 
fective, Syringe the external ear with hot or cold water, and there 
follows immediately a series of reflex responses of the eye muscles, 
so-called nystagmic movements, that cause the eyes to sweep slowly in 
one direction (slow phase) and then snap back to the original posi- 
tion (quick phase). Subjectively such repeated motions are accom- 
panied by dizziness; in the extreme they lead to nausea. Hot water 
produces nystagmus with the quick phase toward the side of the head 
stimulated. Cold water does the reverse; it sets up nystagmus with 
the quick phase towards the opposite side of the head. The mecha- 
nism of coloric stimulation is presumably that of convection currents 
in the endolymph. Whereas nystagmic responses to thermal stimuli 
are the common stock-in-trade of otologists, who are able to put them 
to excellent clinical use, there has been little study of them experi- 
mentally, 

Another way to excite the semicircular canals is by direct me- 
chanical pressure. There are relatively few situations involving human 
Subjects in which this can reasonably occur. In some cases of deaf- 
ness due to hardening of middle ear tissues it becomes possible to 
restore hearing by making an opening or “window” between the mid- 
dle and inner ear cavities. Such "fenestration" operations are often 
attended by the most violent disturbances of equilibrium because of 
the involvement of the non-auditory parts of the labyrinth. Hy- 
draulically it is all one system, it will be remembered, and temporary 
difficulties of balance are therefore not surprising when the auditory 
Mechanism is disarranged. For the fenestration operation to remain 
Permanently successful it is necessary for the artificial window, which 
is covered over by a tissue flap, to stay open. The bone tends to grow 
ack over the window and undo all that the operation has accomplished. 
Accordingly, frequent tests are made, mechanical pressure of the 
Index finger being applied at the proper point in the external auditory 
Canal. If there is no occlusion pressure will be transmitted through 
the hole to the labyrinth, evoking reflex nystagmic responses. 

In animal preparations, where the semicircular canals can be laid 
are for experimental purposes, direct mechanical (or thermal) stimu- 
lation becomes possible. Ewald, in the last century, attained good 
Control with his “pneumatic hammer,” a tiny device for mechanically 
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stimulating the canals directly. The hammer consisted of a cylinder, 
9.0 mm long and only 1.4 mm in diameter, which contained a sina 
piston. A small hole being drilled in the wall of a semicircular cana 
and the foot of the cylinder being securely sealed against the bone, 
movement of the piston would now apply a mechanical force against 
the membranous canal and affect the endolymph. In the case of the 
horizontal canal compression most readily produced movement of the 
endolymph, while with the two vertical canals decompression was the 
more effective. The index of effectiveness was the turning of the 
head and eyes by the animal. 

Still another agent capable of stimulating the canals, or at least the 
nerve fibers leading away from them, is electricity. Both direct and 
alternating currents have been used experimentally, and a few facts 
have come to light. With direct current somewhat specific responses 
can be aroused. Thus, if the cathode (negative pole) of the circuit 
is applied to the left labyrinth of the pigeon a reflex movement of the 
head to the right will result. Reverse the electrodes, and a left turn- 
ing of the head is evoked. Whether the site of stimulation is the crista 
or the vestibular nerve fibers themselves is still uncertain, though sus- 
picion rests strongly on the latter probability. Nystagmic eye move- 
ments can also be produced by direct currents applied to the head. 
A negative electrode placed on the human mastoid, the positive one 
being grounded at any convenient bodily locus such as the neck or 
shoulder, will elicit nystagmus in which the slow 


phase is away from 
the side stimulated. 


Interchange of the electrodes reverses the slow 
and fast phases. Alternating currents have been used little in lab 


yrin- 
thine experiments, and there 


appears to be some confusion in the lit- 
erature concerning the main effects obtained with them. They seem 


not to produce nystagmus, but compensatory head movements do 
occur, faradic stimulation of the mastoid le: 


ading to rotation or tilting 
of the head away from the stimulated side. This needs further in- 
vestigation, especially at low frequencies of current alternation. 


Reactions to Rotation of the Body. Responses of the semicircular 
canals have been studied chiefly by means of the rotating chair. The 
prototype is the Bárány chair, which became well known in World 
War I as a test for vertigo in prospective aviators. Any heavy rotating 
base which has relatively noiseless bearings and which can be accel- 
erated and decelerated smoothly may be used. A comfortable chair 
mounted rigidly on such a base and equipped with a head rest or 
biting board provides a suitable platform for rotating the body about 


its vertical axis. It is common practice to arrange it so that the head 


Reactions to Rotation 255 


is inclined forward at an angle of about 25 degrees to bring the hori- 
zontal canals to a plane parallel with the floor, viz., to render them 
really horizontal. This will be accomplished if the head is tipped so 
that an imaginary line from the corner of the eye to the ear canal 
opening is horizontal. As a matter of fact, it turns out that somewhat 
greater sensitivity to rotary acceleration is realized if the head is held 
erect, rather than tilted forward in the customary manner (284). 
There is no requirement, of course, that the center of rotation be the 
body axis. An increasing number of experiments is being carried out 
on the human centrifuge, a kind of merry-go-round in which the sub- 
ject may be some distance from the axis of rotation, ordinarily facing 
the center and with a shield surrounding his head to protect the face 
against telltale air currents. 

To measure absolute sensitivity any one of three indicators may be 
employed: (1) kinesthetic and cutaneous feelings of total bodily 
Motion; (2) nystagmic eye movements; (3) the “oculogyral illusion.” 
The magnitude of the absolute threshold will be a function of the 
response selected as an indicator, for the three are not equally sensi- 
tive. In general, the first and second—perception of bodily motion 
and observation of nystagmic movements, especially of the slow phase 
of nystagmus—yield results which are in substantial agreement. Ac- 
celerations of the order of 1 degree/sec? prove to be liminal. The 
third method is somewhat more sensitive, however; it gives consid- 
erably lower threshold values. 

The “oculogyral illusion,” as it has been called by Graybiel and his 
Associates, who have investigated it extensively (130), is a visual effect 
Occurring under angular acceleration of the body in a human centri- 
fuge, ]t refers to the apparent motion of an isolated visual object 
(six radial lines of dim light forming a star pattern and viewed against 
darkness ) which is rigidly fixed in space relative to the head of the 
Subject. The observed motion following angular acceleration is in 
the direction of turn. Shortly after the body has attained a uniform 
angular velocity there is experienced no further visual motion. De- 
Celeration reverses the apparent direction of visual movement. After 
Stopping, once the seen motion has subsided, it may revive itself but 
this time it appears to be in the opposite direction (the same as that 
M response to initial acceleration). The visual effects are presumably 
Correlated exactly with nystagmic responses and, as such, are delicate 
Indicators of labyrinthine stimulation. As compared with threshold 
accelerations approximating 1 degree/sec?, obtained by the two cruder 
Methods, the oculogyral illusion begins to appear with accele 


" * rations 
?r decelerations of as little as 0.12 degree/sec?. 
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Direct study of the eyes’ responses to rotatory acceleration and de- 
celeration reveals the nystagmic sequences to be quite elaborate. They 
are particularly complex if vision is allowed to intervene. Then there 
occur interactions, especially those of inhibition, between voluntary 
eye movements and ocular reflexes aroused by action of the canals. 
If, however, vision is excluded by dark surroundings or by the use of 
a blindfold, pure labyrinthine nystagmus can be studied. Since the 
effects of acceleration and deceleration are identical in character 
(though opposite in direction ), observation can be facilitated by bring- 
ing the chair to a steady velocity (conventionally, 180 degrees/sec), 
continuing at that speed until all effects of acceleration have sub- 
sided, and then decelerating to a fairly rapid stop. Nystagmic move- 
ments, with the slow sweep in the direction of rotation, will be ob- 
served throughout the period of slowing down and coming to a stop. 
The slow phase of nystagmus increases in velocity for slightly longer 
than the duration of deceleration, then very gradually declines in 
speed, the repetitive sweeps continuing on for about a half minute. 
Up to this point what has occurred is “primary rotation nystagmus.” 
The total response is not over, however, for with the subsidence of 
the primary phase there begins, without noticeable interruption, a 
series of eye movements in the opposite direction. This is secondary 
or inverse nystagmus. Its speed develops gradually for well over a 
minute, attaining a velocity at the peak of perhaps 5 degrees/sec, then 
shows a very gradual decline for the next several minutes. Altogether, 
the entire eye movement sequence, with its primary and secondary 
nystagmic phases, may occupy as much as a 10-min period. The pro- 
tracted secondary phase is largely missing, of course, if vision is per- 
mitted. Fixational efforts easily overcome the relatively weak move- 
ments of inverse nystagmus. While for a given individual, under con- 
stant experimental conditions, the duration of the primary phase, that 
of the inverse phase, and the speed attained at the height of inverse 
nystagmus are likely to be reproducible quantities, there are large 
and perhaps important individual differen 


ces in all these response 
characteristics. 

In addition to eye movements a number of reflex responses of the 
neck, limbs, and trunk are evoked by rotation. A blindfolded sub- 
ject, spun in a smoothly rotating chair, may show certain of these 
reactions. During the initial acceleration the head may make slow 
Sweeping motions in the direction Opposite to that of rotation, with 
frequent quick returns in the opposite direction (just as the eyes do 
in nystagmus). If the spinning is somewhat vigorous a sudden cessa- 
tion of whirling brings forth compensatory movements of the head, 
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arms, and legs, all responses that tend to prevent the subject from 
falling over. If, after rapid rotation to the left for a dozen or so turns, 
the subject is abruptly stopped and is instructed to get out of the chair 
and stand erect with his arms straight out in front of him he will stand 
with his head and arms to the left, the right arm up, and the left down, 
a stance which has been called “the position of the discus thrower.” 
If, under this post-rotatory influence, he changes the position of his 
head radically he will be in serious danger of falling. In fact, quite 
apart from the accessory reactions produced, any gross change in head 
position following strong stimulation of the canals elicits the “falling 
reaction,” 

But responses involving adjustments of this magnitude are the result 
of somewhat intense stimulation. A more common sequence of events 
Would run more nearly as follows. After having instructed the blind- 
folded subject to raise his right hand whenever he feels himself moving 
to the right and his left hand to signal left movement, begin with very 
slow rotation and gradually step up the speed. Once an acceleration 
of 1-2 degrees /sec? has been reached, the appropriate hand will go up, 
Teporting correctly the direction of rotation. If now a constant speed 
is maintained the hand will go down and, assuming no accessory cues 
to the detection of motion to be given (sounds, air currents on the 
face, ete, ), the subject will be unaware of his continued turning. Quite 
high rotational speeds may go undetected provided the acceleration 
used in reaching them is subliminal. If brakes are then silently 
applied, rapidly slowing the chair down, the opposite hand will go up. 
The sensation is that of turning in the reverse direction and is a direct 
consequence of supraliminal deceleration. This feeling may last for 
Some time after the subject comes to a halt. In the most extreme 
Instance, however, it will not continue strongly for more than 20-30 
See. This is a figure which reappears time and again in measurements 
Of rotational after-sensations and after-nystagmus. We shall have to 
Confront it later with a view to explaining its ubiquity. 


Mechanism of Ampullar Action. Direct observation of labyrinthine 
“vents is not at all easy to arrange. In vertebrates the structures con- 
cerned are quite inaccessible, and in most of the lower forms they are 
€xtremely small. In view of the difficulties it is not surprising that 
Until quite recently the mechanism of stimulation was less a subject of 
Xperiment than of speculation. Interestingly enough, however, as 
Subsequent events proved, much of the early theorizing was basically 
Sound, In the 1870's the fundamental theory was laid down, it being 
the joint product of the thinking of the Germans, Mach and Breuer, 
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and the Englishman, Crum Brown. Today we speak of the Mach- 
Breuer-Brown theory of labyrinthine functioning. 

The theory holds that stimulation of the crista comes about through 
inertia of the endolymph. The semicircular canals, being set ap- 
proximately in the three dimensions of space, must be affected by all 
motions of the head. As a canal accelerates or decelerates in rotary 
motion the endolymph lags behind its containing tube. The back 
thrust thus created exerts a pressure against the cupula, bending it 
and stimulating the nerve endings of the crista. As turning continues, 
the endolymph, subject to the frictional influence of its enclosing walls, 
takes up the motion of its canal, and stimulation subsides. The cupula 
is no longer moving relative to the h 
them. If an abrupt braking of the canal's motion occurs, the endo- 


lymph, through its own inertia, flows on for a time, and the cupula is 
bent in the opposite direction, 


There are difficulties with this theory, 
from the beginning. Thus Ernst Mach, t 
somewhat improbable that viscosity w 


lymph through a tube having a diameter no greater than a fraction of 
a millimeter. Breuer believed it had to be that way, however. Brown 
thought it unlikely that a single canal could signal movement in one 
direction, then reverse its message. What about the principle of nerve 
specificity? Accordingly, he modified the theory to let a given canal 
on one side of the head always report movement in a specific direction. 
Its mate on the other side, silent during the first movement, was to 
come into play when the direction of rotation was reversed. This 
amendment to the theory, though ingenious, was most certainly 
wrong. Experiments involving destruction of semicircular canals in 
pigeons and rabbits demonstrated that the receptors of a single am- 
pulla must function for motion in both directions (85, pp. 212-213). 

Crucial evidence verifying the Mach-Breuer-Brown theory was a 
long time in coming, and the ideas involved remained the 
controversy for nearly 60 years. Then, in 1931, c 
experiments of Steinhausen (268). These, b 
biguously the appropriate movements of the 
positive and negative rotary acceler 
loric stimulation, proved the essentia ; 
The success of Steinhausen's work d 
of an experimental animal and the inv. 


air cells and imposing a strain on 


some of which were seen 
he physicist, considered it 
ould permit the flow of endo- 


subject of 
ame the dramatic 
y demonstrating unam- 


ention of a novel technique. He 
Which has relatively large and 
By cutting away the covering cartilage 
à portion of a canal with its ampulla. 
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Injection into the canal of small quantities of dye made visible the 
gelatinous cupula, which could then be photographed. A small drop 
of oil inserted into the canal facilitated observation of the movements 
of the endolymph. Figure 85 shows a typical response to angular ac- 
celeration. Displacement of endolymph with resulting hydrodynamic 
pressure on the cupula has resulted in extreme tipping of that body 
with, no doubt, mechanical distortion and excitation of the hair end- 
ings of the vestibular nerve. Steinhausen’s experiments on the pike 
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Fic. 85. The effect of angular acceleration on the position of the cupula. The 
displacement of the endolymph was revealed by an injected drop of oil. The 
cupula was rendered visible by dyeing it with china white. A, the cupula in its 
Normal position before rotation of the preparation. B, shift of endolymph and 
Consequent change in position of the cupula as a result of rotary acceleration. 
After Dohlman, 82. Reproduced from Proc. roy. Soc. Med., 1935, 28, 1374, by 
permission of the Honorary Editors and Professor Gösta Dohlman. 


d] 


ànd Dohlman's subsequent ones on the cod (83) make it clear that, 
in these forms at least, the cupula completely fills up the lumen of the 
ampulla. “Streaming” of endolymph can hardly occur if this is the 
Case, Until we learn whether the same situation obtains in higher 
forms perhaps we do well to think of endolymph as only temporarily 
displacing the free end of the cupula by hydrodynamic pressure rather 
than “flowing past” it. However, some circulation of endolymph is 
demanded by the facts of caloric stimulation; convection currents 
require a fluid medium. 

What happens in the sensory nerve fibers leading away from the 
ampullae? Records of action potentials in single fibers of the vestibu- 
ar nerve, while being stimulated by angular accelerations, have been 
obtained by Léwenstein and Sand (203) in 1940 and, more recently, 

Y Gernandt (117). The former investigators picked up discharges 
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from nerve fibers leading away from the horizontal ampulla of the 
skate. While still unstimulated, the typical fiber had a spontaneous 
discharge rate of about 5 per second. At angular accelerations of the 
order of 3 degrees/sec? threshold was reached, this being signalled by 
either an increase in impulse frequency (when rotation was toward 
the side of the head from which the recording was taken) or a de- 
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Fic. 86. Vestibular action-potential frequency as a function of acceleration. The 
line labeled 9 shows the amount of angular displacement from the initial position 
of rest and is to be referred to the left axis. Impulse frequency at cach half- 
second interval is shown on curve F, which uses the axis on the right. Accelera- 
tion was about 15 degrees/sec?, and rotation increased in velocity up to a total 
turn of 60 degrees. At this point motion abruptly ceased. Note the increase in 
discharge frequency with increasing stimulation and the subsequent precipitous 
decline. Rotation in the opposite direction produced a corresponding reduction 
in impulse frequency below that of the "spontancous" discharge of 5 per second. 
From Lówenstein and Sand, 203. By permission of Cambridge University Press 
and the authors. 


crease (when rotation was toward the contralateral side). 
given amount of angular acceleration the increase (or decrease) was 
always the same, impulse frequency being related in a linear fashion 
to degree of acceleration. (See Fig. 86.) The maxim 
quency is attained promptly, coincidentally with completion of the 


initial acceleration. If, now, Speed is maintained at a constant level, 


impulse frequency falls off until it has reached the normal “spon- 


taneous" rate of 5 per second after about 20-30 sec. The cupula does 
not remain in its extreme position during continuous whirling but, 
acting like a very slow and heavily damped pendulum, gradually re- 
sumes its normal position of rest. It will be remembered that earlier 
the question was raised, “Why always 20-30 sec as the typical period 


For a 


um impulse fre- 
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of rotary after-effects?” Apparently the answer is that we are dealing 
with an elastic pendulum, the cupula, which has a natural period of 
that magnitude. If displaced only slightly it would, of course, not 
require as much time to regain equilibrium. Only the most extreme 
positive or negative acceleration could produce an after-effect lasting 
a full half-minute. This explanation serves quite adequately to ac- 
count for primary post-rotation effects. The phenomenon of inverse 
nystagmus and its corollary, inversion of movement in the oculogyral 
illusion, are not accommodated by it, of course. These effects would 
seem to demand that the “pendulum” overshoot and describe at least 
one more movement in the direction of the original (acceleratory ) 
displacement before finally coming to rest. 

The experiments of Gernandt are revealing in that they show in 
the vestibular fibers of a vertebrate, the cat, similar events to those 
found by Löwenstein and Sand in a much simpler organism. Using a 
technique very much like that employed by Galambos and Davis (see 
Chap. 8) in their study of elements of the auditory branch of the eighth 
cranial nerve, Gernandt plunged a needle electrode, insulated except 
at the tip, into the vestibular branch leading from the horizontal 
ampulla. Single elements could be isolated by appropriate manipula- 
tion of the electrode. One hundred such responding elements were 
examined in relation to rotational acceleration of the animal, their 
frequencies of spike discharge being recorded. Not all fibers re- 
Sponded in the same way; in fact, three different “types” of fibers were 
found. By far the commonest performance, recorded in 83% of the 
fibers, was like that in the Löwenstein and Sand study, viz., when the 
Needle was in the left vestibular nerve and rotation of the cat was to 
the left, an increase in frequency above the level of the resting “spon- 
taneous” frequency occurred. Rotation in the opposite direction 
either reduced or entirely obliterated the nerve's response. Elements 
of Type II, accounting for 12% of the sample, gave a reaction to rota- 
tion in either direction by increased frequency of discharge. Type III 
response, met in only 5 of the 100 fibers, involved a more or less com- 
Plete inhibition of discharge upon accelerating or decelerating the 
anima], Normally active, fibers of this type go into a “silent period” 
9n being stimulated. That these three varieties of nerve response do 
Rot result from artifacts introduced by movement of the experimental 
animal or other accident is attested by the fact that substitution of 
Caloric stimulation for acceleratory motion does not change the result. 
" May of nerve een 2 CM me he fibers 
(age d ion of the external auditory cana z .) and hot 

+) water. 
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This discovery of three characteristically different patterns of re- 
sponse in fibers of the vestibular branch is difficult to interpret as yet. 
It is reminiscent, of course, of a similar state of affairs in vision, where 
several different types of discharge sequence are encountered in 
optic fibers. In both instances the phenomenon is much in need of 
thoroughly systematic study. In the Gernandt experiments, as in 
those of Galambos and Davis in audition, there is some uncertainty as 
to whether first- or second-order neurons were actually the source of 
records (103). The presumption is that cell bodies of second-order 
neurons were chiefly involved. As yet no one has succeeded in over- 
coming the great technical difficulties that are bound to be present in 
recording directly from ampullar (first-order) fibers. 


The Vestibular Sacs: Utricle and Saccule. 


The portion of the mem- 
branous can 


al housed within the vestibule proper is divisible ana- 
tomically into two separate structures, the utricle and the saccule. 
The importance of the utricle is clearly 


established; it contains nerve 
endings necessary to the preservation of normal posture. However, 
the indispensability of the saccule is less certain, though it also con- 


tains nerve endings of the type found in the utricle. In animal 
preparations destruction of the saccule results in no obvious defect 
of equilibrium or locomotion. Some have claimed that the saccule 
participates in responses of the auditory system, a contention far from 
having been proved, at least in humans. 

Endings of the vestibular nerve impinge upon an area, one in the 
utricle and one in the saccule, known as the macula, an oval, flat 
thickening of the wall of the vestibule (see Fig. 84). The saccular 
macula is disposed in a plane approximately at right angles to that 
of the utricular macula. As in the case of the ampullar endings, the 
nerve terminations are hair cells embedded in a gelatinous substance. 
The mode of stimulation of the hair endings seems to be somewhat 
different in the vestibular sacs, however. The hair cells are more 
nearly columnar in shape and have suspended above them tiny crystals 
of calcium carbonate. This granular mass, called the otolith organ, 
is believed to be so constituted as to “load” the hair cells and cause 
them to be stimulated by gravitational pull. When the body is speed- 
ing up or slowing down in straight-line motion, the inertia of the oto- 
liths would presumably bring about a bending of the hair cells with 
consequent discharge of their attached nerve fibers, Tilting of the 
head in any direction would be expected to produce the same result. 

Just as the rotating chair has provided the me 


rot ans of studying re- 
sponses to positive and negative acceleratory forces, the tilt table is 
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the common laboratory device for investigating the effects of gravi- 
tational pull on the vestibule. It has been assumed that all that is 
needed is a way of tilting the entire body away from the vertical and 
horizontal to various measured extents. A stout board to which the 
body may be securely strapped, equipped with a substantial bearing 
and set up in the manner of a see-saw, with a protractor and plumb 
line attached, is a familiar accoutrement of the psychological labora- 
tory. As a device for measuring thresholds of otolithic action the 
tilt table is an entirely ineffectual instrument. Cues from the skin 
and muscles, gencrated by restraining straps and head holder, tend to 
mask those initiated by the otoliths and thus yield misleading meas- 
ures. The fact is that currently there are available no reliable thresh- 
old figures for either bodily tilt or linear acceleration. Several inter- 
esting phenomena of static sensibility can, of course, be studied quali- 
tatively by means of the tilt table. : ] 
A diffuse pattern of strains and pressures having. cutaneous, kin- 
esthetic, and visceral origins constitutes the sensory indicator of ves- 
tibular action, the “feel” of bodily position. As with the semicircular 
canals, the neural pathways involved are indirect. Ww ith the assump- 
tion of each new head position stimulation arising in the hair cells of 
the maculae starts impulses over the vestibular nerve to the medulla 
and cerebellum, At these lower centers connections are made with 
Motor fibers going to neck, eye, trunk, and limb muscles. In each of 
these groups. there may occur “tonic” reflexes, patterns of muscular 
tension appropriate to the body position involved. In lower organisms 
Many of these positional reflexes may be identified and catalogued. 
hus there occur entirely predictable deviations of the eyes of fishes 
When they are slowly turned on the long axis of the body. i In some 
of the reptiles, lizards and turtles notably, and birds—the pigeon has 
ween intensively studied in this regard—the head will be held abso- 
lutely still (within mechanical limitations) irrespective of the position 
™ which the body is placed. In higher forms the picture becomes 
complicated, and in the human it is vastly so. As we ascend the animal 
Scale the vestibular apparatus is connected with postural responses 
More and more complexly. Both the sacs and canals become dimin- 
ished in importance as control devices for equilibrium. It follows that 
damage to the labyrinth is a relatively less serious matter in humans 
than it would be in simpler organisms where there are not the sub- 
Stitute mechanisms available. In congenital deaf-mutes, for example, 
Whose labyrinths may be completely degenerate, postural adjustments 
are still made effectively in most everyday situations. Only when 
Vision is excluded or when visual cues become ambiguous is equi- 
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librium threatened. Thus some deaf people report that they dare not 
go under water when swimming since "up" and down then get con- 
fused and they are in danger of drowning. Deaf-blinds have been 
studied with respect to their vestibular sensitivity (325) with the not 
unexpected finding that they are unable to maintain balance more 
than a second or two when required to stand on one foot. Nine of 
10 deaf-blind subjects showed no post-rotational responses whatever. 
After whirling in a chair there was no dizziness or nausea, no illusions 
of movement appeared, and there was not even a hint of nystagmus. 


The Non-Auditory Labyrinth and Aviation. If the array of facts and 
principles concerning the non-auditory labyrinth is less formidable 
than in some other sense fields—and the judgment of the historian of 
sensory psychophysiology would be that it is—it can also be said that 
developments in aviation bid fair to change all this. With commercial, 
private, and military aircraft flying at ever higher speeds new and 
somewhat extreme demands are being placed on their occupants. The 
sheer requirements of survival demand that all available sensory and 
motor capacities be brought to bear on the problem of adapting to a 


complex and kaleidoscopic environment. In response to the needs of 


modern aviation, research on labyrinthine phenomena is presently re- 


ceiving more nearly adequate attention and support than in an earlier 
time, when rotational and gravitational forces wi 


cern only to the acrobat, the ballet dancer, and, 
them, the whirling dervish! 

In the maintenance of equilibrium and bodily orientation visual, 
labyrinthine, cutaneous, and organic cues all commonly come into 
play. Occasionally auditory sensations have a supporting role. In 
the flying situation it is, of course, vision that usually provides the most 
precise data of orientation. The pilot sees the cockpit and external 
objects, especially the nose of his plane and the horizon, in relation 
to each other. In night flight and in “weather” he h 
which visually give accurate, if somewhat indirect, indications of the 
plane’s attitude in space. Ordinarily, then, the pilot’s sensory world 
is mainly visual and yields sufficiently exact and complete information 
to permit of the nice adjustments required in complicated maneuvers 
as well as in straight and level flight, takeoffs, and landings. 

However, information obtained visually is not always correct, sub- 
ject as it is to illusory influences, and returns from 
tems cannot always be suppressed. The sense data most frequently 
coming in conflict with the visual are those arising from the operation 


of the non-auditory labyrinth. In flight the occupant of an airplane 


ere of practical con- 
if he thought about 


as his instruments 


other sensory sys- 
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may be subject to three sets of acceleratory forces: angular, radial, 
and linear. Angular accelerations and decelerations are fortunately 
only briefly and transiently encountered in flying; stimuli appropriate 
to the semicircular canals are not commonly long sustained. How- 
ever, as we shall see, they are potential sources of disorientation in 
the air. Radial acceleration and deceleration (centrifugal and cen- 
tripetal force) occur more commonly, being involved in any rotation 
about an axis at some distance from the plane. Thus radial forces 
exert themselves on the pilot whenever he goes into a turn, climb, or 
dive. But the most common acceleratory and deceleratory stimuli, in 
all kinds of flying, are linearly disposed ones. Any change in speed 
unaccompanied by change in direction involves either a positive or 
negative linear acceleration and becomes a potential stimulus to the 
vestibular sacs. If the change in velocity is sufficiently marked it can 
serve to initiate some very serious errors of perception. 

The effects of linear acceleration and deceleration in a plane have 
been investigated at the Pensacola Naval Air Station (58). An ob- 
server sat blindfolded in the rear of a two-place training plane, his 
head held rigidly in place. His job was to give a running account of 
all Perceptions of bodily position, the reports being taken down on a 
Wire recorder and synchronized with an objective record of the plane’s 
performance as revealed by a three-dimensional accelerometer. The 
pilot put the plane through its paces of speed changes by suitable 
Manipulation of throttle and flaps, but maintained as closely as possible 
Straight and level flight. The observer was, of course, ignorant of the 
plane’s true performance. Uniformly, all observers reported strong 
Perceptions of tilting forward when the plane was rapidly slowed down 
and of tilting backward when speed was suddenly increased. The 
f requency with which such reports were made, the estimated angle of 
tilt, and the duration of the feelings of tilt all proved to be propor- 
tional to the strength of the stimulus, i.e., to the amount of accelera- 
tion or deceleration. The threshold for the perception of tilt was sur- 
Prisingly small, 0.02g, or only 2% of the acceleration that would be 
™Mparted by a force equal to that of gravity. This is the value for 
Positive acceleration. For deceleration the threshold is higher, about 
0.08g. In either case the feeling of tilting is elaborated into the judg- 
Ment that the plane is actually changing altitude, climbing in the case 
of positive acceleration and diving in the case of negative. An ac- 
Celeration of about 0.1g was interpreted as a climb at a 20-25-degree 
angle. The feeling lasted somewhat beyond the real accelerative force. 

deceleration of the same magnitude was felt as a dive at a 15-degree 
angle below the horizontal. No such estimates would be given, of 
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course, if visual cues to position and motion had remained in the pic- 
ture. However, this experiment demonstrates what might happen to 
spatial orientation if visual information were to be obliterated. The 
pilot flying in fog, having just reduced his throttle setting, may see 
from his instruments that he is still flying level but his otoliths may 
tell him he is in a dive. Among a great many things an aviator must 
learn is the difficult lesson of coming to disregard the direct evidence 
of his senses, in such situations as this, and to place his trust in the 
less direct but sounder evidence offered by his flight instruments. 

A study which combines the effects of angular and radial accelera- 
tions and which, therefore, involves the functioning of the entire non- 
auditory labyrinth, has also been conducted at Pensacola (205). With 
very much the same arrangements as those of the linear acceleration 
experiment, the reactions of observers to varying degrees of lateral 
tilting and turning were studied. Six different angles of bank, at a 
constant altitude, were tried: 10, 18, 30, 40, 50, and 60 degrees. An- 
gular accelerations varied from 0.10 degree/sec? (onset of the 10- 
degree bank) to 0.80 degree /sec? (recovery from the 60-degree bank) 
The observer reported on his perceptions of turning and tilting, judg- 
ing direction and amount, and also estimated the magnitude of the 
forces in operation. The first fact that becomes apparent, on analysis 
of the records, is that feelings of tilting and turning are dangerously 
unreliable indicators of the true state of affairs. At small angles of 
bank the plane's change of direction and position went unnoticed 
much of the time. The absolute threshold for the perception of turn- 


ing falls between the 10- and 18-degree banks, where the acceleratory 
force is about 0.15 degree/sec?, 


Positive and negative accelerations 
give about the same value. Within the limits of the study there is 
no angle of bank which provides absolutel t 
the 60-degree tilt was not detected 100% 
the existence of the banking movement is 
be an erroneous judgment of the direction of turn. Moreover, percep- 
tions of tilting and turning have their onset only after 
lag; the maneuver has already been in effect for 
great deal can happen in the air in this time. 
Estimates of the amount of later: 
into the turn, while the degree o 


y certain information; even 
of the time. Even though 
appreciated, there may still 


a considerable 
5 or more sec. A 


al tilt are markedly in error. Going 


f tilt was being varied between 10 
and 60 degrees, the observers made average estimates ranging between 


4.2 and 11.9 degrees. Recovery from the bank, which was performed 
somewhat more rapidly and thus involved relatively greater accelera- 
tions, was accompanied by an even smaller range of estimated angles: 
4.1 to 6.8 degrees. The duration of the feelings of turning and tilting 
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was quite out of line with reality. All angles of bank were held for 
about a minute; on the average the feelings had subsided in about 
one-third that time. In view of what we have already seen about 
linear accelerations it is not surprising to find a fore-and-aft tilting 
component present in this experiment as well. The onset of turn and 
the turn itself are both accompanied by clear feelings of backward 
tilt, estimated to be as high as 45 degrees in the case of the 60-degree 
bank. After recovery from the turn, and after a noticeable lag, the 
observer may feel himself to be tilted forward somewhat. 

The one datum that was accurately estimated throughout the entire 
experiment was the magnitude of the g force. While the true g was 
changing from 1.02 (at 10-degree bank) to 2.00 (at 60 degrees) the 
observers’ estimates were, respectively, 1.00 and 1.95. Estimated and 
real forces coincided closely all along the line. Yet, from the stand- 
Point of manipulating the controls of an airplane, this is one bit of 
information that is practically useless! At least, if g needs to be known 
for any purpose it would be better to measure it with an instrument. 
All the potentially useful data, which might serve to supplement visual 
information when it is meager, turn out to be grossly illusory. 

Another way in which the non-auditory labyrinth may alter the 
Perceptual field in flying is through the operation of the oculogyral 
illusion, We have already seen what the general conditions for the 
Occurrence of this phenomenon are—a relatively dim but structured 
Visual target viewed against darkness. If such a target is observed in 
the air during a banking maneuver the target appears to move, the 
induced motions being both those of total displacement in space and 
of rotation about the center. The rotary movements are always in the 
direction of the banking motion of the plane and have a maximum 
extent of 15 degrees. There is a lag of 4 to 6 sec between the begin- 
ning of the banking maneuver and the reported target rotation. The 
"ine lasts varying amounts of time : x6 AN oe V RR 

m less than 10 sec (10-degree bank) to nearly 30 sec (60-degree 
Dank), Tota] displacement of the target is a little less predictable 
ut occurs, along with rotary motion, at all angles of bank. This form 
°F distortion of the visual field apparently requires special conditions 
or its occurrence and thus does not constitute a very serious threat 
> the flyer, In ordinary daylight flying the visual field is too well 
illuminated and too replete with geometrical detail to be subject to 

ne 9culogyral illusion. In most night flying situations runway il- 
Sedis! signal lights, cockpit e MA EES 
nigl g all aid in its avoidance. Ar web uis safety in 

Sht flight seems to be occasioned by the so-called autokinetic phe- 


depending on stimulus intensity, 
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nomenon. This effect occurs when a single, relatively confined light 
source is stared at continuously over a period of time. The light 
appears to move, gliding, wavering, or wandering in an unpredictable 
manner through space. This phenomenon is not confined to aviation, 
of course; one can demonstrate it to himself quite readily in a dark 
room provided with: a “point” source of light. But the autokinctic 
effect has special implications for aviation in that the conditions of 
its arousal occur not uncommonly in night flying. It has been re- 


sponsible for many near accidents and probably, in milit 


ary aviation, 
for some fatal ones. 


In formation flying at night the pilot “flying 
wing" on a squadron leader will attempt to maintain a constant dis- 
tance between planes by steadily fixating the light on his le 
wing tip. After a prolonged period of this the 
non may supervene. The light ahead may 
as in a "wingover" or other radical cl 
pilot makes rapid stick and rudder 
“follow,” then finds himself either in a 


craft or in a spin, recovery from which may be impossible. The use 
of flashing signal lights and higher illumination levels, together with 
repeated injunctions to pilots to keep their eyes moving about during 
night flights, have helped to reduce this particular hazard. 

The non-auditory labyrinth enters into aviation, especially commer- 
cial flying, in yet another Way; it is concerned with the production of 
air sickness. This malady, as much the plague of the airways as its 
relative, seasickness, is of the sea lanes, constitutes for many people 
a major deterrent to air travel. Air sickness and seasickness are mem- 
bers of a large family of which train sickness, car sickness, and the 
somewhat rarer illness experienced on roller coasters, during parachute 
descents, and while riding on camels are others, The feature all these 
forms of transportation have in common is regularly repeated motion 
of fairly low frequency. Motion sickness seems never to come from 
walking, running, or otherwise repeatedly jarring the head in a rapidly 
recurrent fashion. Marathon runners become exhausted but not nause- 
ated. Nor is motion sickness ever an immediate effect of rhythmic 
motion; some little time is required for a “build-up” of the reaction. 

The only comprehensive study of motion sickness ever to be under- 
oon is d of Wendt and his colleagues at the University of Rochester 

- They installed a vertical accelerator or “ ine,” a ki 
of elevator in which it is possible to ee 
tion, velocity, nt, and ‘ke f 
> quency of wave 
re combined in various ways 
to test their relative efficac of motion sickness. It turns 


ader’s 
autokinetic phenome- 
appear to describe an arc 
hange in flight path; the hapless 
adjustments in an attempt to 
collision path with another air- 
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out that sickness rate depends on the frequency with which wave 
motion is repeated, on waveform, and on total wave energy. As wave 
frequency is increased sickness rate increases, at first slowly then more 
rapidly, until a peak rate is reached at about 20 cycles/min. Above 
this frequency, where each phase of the motion recurs every 3 sec, the 
stimulus becomes less effective. Rapidly repeated waves result in very 
little illness. In one experiment more than one-third of the subjects 
became ill within 20 min when stimulated with a 9-ft wave repeated 
13 times a minute, while only 7% became sick in response to a 1-ft 
wave having a frequency of 32 cycles/min. In another study a motion 
having an amplitude of 7 ft, occurring at the more moderate frequency 
of 22 per minute, induced illness in somewhat over half the members 
of a sizable group of naval officers. 

Individual differences in susceptibility to motion sickness are no- 
toriously large, as is also the number of alleged preventatives and 
cures, With the coming of the air age there has been a revival of 
hostrums and superstitious rules for conduct associated with seasick- 
ness and its “remedy.” More happily, there have also been a few 
forward strides in the quest for the drug that will prevent motion 
Sickness without at the same time depressing important bodily func- 
tions. During World War II it was important to prevent both air 
Sickness and seasickness among troops during invasion operations. 
Considerable success attended the use of the hyoscine derivatives for 
this purpose, More recently significant promise, as motion sickness 
Preventatives, has been shown by certain of the antihistamine drugs, 
Notably dramamine. 

Whatever the eventual solution of the problem of motion sickness, 
One knows in advance that it is not likely to be arrived at simply. 
Many different conditioning factors, both physiological and psycho- 
Ogical, are known to be related to susceptibility. Moreover, there is 
an important adaptive effect with repeated exposure to motion which 
at present is both unpredictable and unexplained. 


[4 


The Sense of Smell 


Smell and Taste Confusions. Foods and beve 
the mouth, make at least a dual, usually a triple, appeal. The tissues 
of the mouth, throat, and nasal cavity are so innervated, and so dis- 
posed in relation to one another, that any or all of three 
can go into operation simultaneously in response to the 
The cutaneous sensibilities of the mouth re 
into play. They not only report on te 
"biting," "burning," or astrin 


rages, once taken into 


sensory 


ystems 
same stimulus. 
gion are inevitably brought 
xture of foods but contribute the 
gent elements of certain of them and 
the "coolness" or tingle of others. The sense of taste is also obviously 
involved, end organs in the tongue and palate accounting for a limited 
but basic repertory of sense qualities. It is, however, olfaction that 
furnishes the most elaborate of experiences connected with food, for 
it is the receptor system situated high in the nostrils that supplies 
the overtones for the fundamental tastes, that adds “aroma,” that 


transforms sheer acceptance of food into appreciation of flavor. Were 
there no sense of smell there would be 
of nutriments. 


We are constantly ascribing to taste those sensations that really 
belong to smell. The confusion is a natural one. Unless one takes 
the trouble to block off the nostrils and make the test to determine 
what the tongue by itself can do to identify food flavors, one may 
never discover how poor the 


i 1 sense of taste is and what a great richness 
and variety of experience are contributed by smell. The sense of taste, 


unassisted, is able to detect the Sourness of acid. the sweetness of sugar, 


the bitterness of quinine, and the salt taste of sodium chloride. It 
fails utterly to encompass the full flavor of meats, fruits, butter, and 
coffee. These, together with nearly 


all other foods, depend for their 
to the sense of smell. Hold the 
at may be offered to the sense of 
» a cube of raw potato may be indistinguish- 


Only the slight Sweetness of each comes to 
270 


no gourmets, only consumers 


appreciation mainly on their appeal 


nose and, except for the cues th 
touch by textural features 
able from one of apple. 
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register under these conditions. In a similar situation oil of pepper- 
mint has only a weakly bitter taste, while making its most forceful im- 
pression on cutaneous nerve endings to give a strong feeling of “cool- 
ness," With the nose out of action powdered cinnamon yields only a 
mild sweetness. 

The relative sensitivities of the three systems encountered in the 
mouth and nose region—smell, taste, and feeling—can be assessed by 
using one of the relatively few substances which serves as a stimulus 
both to smell and to taste and which, in sufficiently high concentra- 
tion, also chemically irritates the cutaneous fibers. Such a stimulus is 
ethyl alcohol. Thresholds of the three kinds of sensation show that 
smell is evoked with about 1,60,000 the concentration needed to 
Produce a cutaneous ("burning") sensation, while taste results from 
about 14 the strength necessary for minimal arousal of the skin. Other 
stimuli would yield somewhat different indices of relative delicacy, 
but, by and large, they would show olfaction to be considerably ahead 
of the other two systems in absolute sensitivity. As Parker has said 
of taste and smell, *. . . the two senses may be said to differ from each 


other more or less as ordinary scales do from a chemical balance; taste 
is used in determining the presence of relatively large amounts of 


Substance, smell for only the most minute quantities (226, p. 238). 


Physical Properties of Odors. A wide range of differently consti- 
tuted materials possesses odor. One property they all have in common, 
however; they are all volatile substances. To stimulate the sense of 
Smell materials must be air-borne and in a finely divided state. Solids, 
Unless they pass over readily into the gaseous state at ordinary tem- 
Deratures, cannot be smelled. Liquids do not become odorous until 
they vaporize. . ' 

Since volatility is a sine qua non for odors, the ease with which sub- 
Stances evaporate should provide an index of their relative stimulating 
Power. Jf volatility were the only prerequisite the efficacy of a ma- 
terial as an odor stimulus would be given directly by its vapor pressure, 
Since this is a measure of the facility with which molecules escape the 
Parent substance and pervade the surrounding atmosphere. In a gen- 
eral Way the relation holds. Highly odorous liquids are likely to have 
Nigh Vapor pressures; liquids of faint scent are likely to be of low 
Vapor pressure. But there are prominent exceptions. Musk, for ex- 
ample, is one of the most powerful odorants known and is, for this 
reason, used effectively in the manufacture of perfumes. It is of low 
Volatility, however, The answer in this case seems to be that musk 
Wes its power as a smell stimulus to its favorable chemical composi- 
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tion; only relatively few molecules need be released for this material 
to be effective. Pure water has a relatively high vapor pressure but 
is, of course, odorless. Volatility seems to be a necessary but not a 
sufficient condition for the generation of odor. 

Another physical characteristic of possible importance is solubility. 
The presumption is that odorous materials must be captured by the 
mucous lining of the nostrils before they can stimulate. This implies 
that the particles go into solution. If so, they presumably have to be 
water soluble. Perhaps the odorant must enter the cells containing the 
actual nerve endings. If so, the odorous material would have to be 
lipoid soluble as well. 

A great many odorous substances 
soluble, and a simple relation betw 
solubility has not been easy 
facts, however. The family 


are both water soluble and lipoid 
een ease of odor production and 
to establish. There are some provocative 
of alcohols, which forms a so-called ho- 
mologous series having the general chemical formula, C,H (2n4.1)OH, 
contains some weakly odorous members, others which 
odors, and still others that are odorless, The “lower” alcohols (those 
having few carbon atoms: methyl alcohol, CH;0OH, and ethyl alcohol, 
C;H;OH) have relatively feeble odors. These are readily soluble in 
water but are practically insoluble in fatty materials. The “higher” 
alcohols either have no odor at all or, like the lower ones, give only 
faint odors. Thus, cetyl alcohol, Ci;H340H, is entirely without odor. 
In general, the higher alcohols are lipoid soluble but not water soluble. 
Between the two extremes of the series are a number of compounds 
which are both water and fat soluble. Butanol, CHOH, is such an 
alcohol; it has the powerful odor characteristic of rancid butter. Com- 
pounds in the middle of the series are uniformly quite odorous. This 
would suggest that an odorant, to be effective, has to possess both 
water and fat solubility. However, as in the case of the attempt to 
link odor production with volatility, there are exceptions to any such 
simple rule. One finds, for example, that acetone has low fat solubil- 
ity but a strong odor. There are other cases which violate the rule 
and which prevent a straightforward linkage of solubility with odorous- 
ness. There remains the possibility, of course, that it is neither water 
nor fat solubility that is important. The mucous lining of the upper 
nostrils may have become specially modified, chemically and physically, 
to do its unique work and may, therefore, be of quite elaborate com- 
position. Some attention has been given to the protein solubility of 
odorants (214, pp. 285-286), with the finding that certain odorants 
are more readily soluble in protein solutions than in water. This is a 


have strong 
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promising relation which needs to be investigated with systematic 
thoroughness, a treatment it has not received as yet. 

In addition to volatility and solubility in one or another solvent, 
odorous materials necessarily possess a large number of other physical 
properties, some of which may conceivably have something to do 
with odor production. Many of these properties have been subject 
to study, and there are some suggestive results, though no sweeping 
generalities have as yet emerged. Several of the physical character- 
istics investigated have to do with the manner in which odorous sub- 
stances absorb, scatter, refract, or otherwise react to light. It was 
noted long ago that many odorous solutions strongly absorb waves 
from the infrared portion of the electromagnetic spectrum. Recently 
there has been a revival of interest in this phenomenon, and one of 
the theories of olfaction we shall consider later takes this property of 
Odorants as its starting point. Similar absorption in the ultraviolet 
region of the spectrum has been shown to occur, and this fact has also 


Prompted a theory of odor. The interesting transformation of odorous 
1s consequent upon ultraviolet irradia- 


solutions into colloidal suspensoic i 
tion, the curious fact that the vast majority of odors have refractive 
indices occupying a very narrow range of values in the neighborhood 
of L5, and the socal ‘behavior of odorants with respect to the so- 
called Raman shift have all been viewed as possible clues to the dis- 
Covery of the central stimulus property for smell. The last mentioned, 
the Raman shift, may yet turn out to be important. Many liquids, 
9dorants among them, have the property of so changing monochro- 
Matic light shining through them that some of the emergent waves are 
ji s both higher and lower than the one received. 


o . f 
und to have frequencie SE À 
lengths of incident and transmitted 


. 1€ difference between the wave 
ights is the Raman shift. The claim is that only substances having 
Shifts between 140 my and 350 mp are odorous. Much remains to be 
arned about this relationship. Thus far we only know that the effect 
Occurs with great regularity in odorous solutions, that it presumably 
Sa direct indicator of quite specific intramolecular vibrations, and 
hat many odors which have similar smells also show similar behavior 


With ~ 
ith respect to their Raman spectra. 


Odor and Chemical Composition. If there is uncertainty about the 
in odors there is still more concern- 
KS their chemical qualifications. This is not for lack of chemical 
|o wledge about odorous materials. We were perhaps better off in 
mar SDect in an earlier time when we knew less chemistry. As 

rs now stand it is quite impossible to devise any sweeping gen- 


Physic. 
- YSical characteristics necessary 
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eralities about the chemical composition of odors. It is found that 
some compounds of quite different composition smell alike, while 
others of similar chemical structure are readily distinguished by smell. 
Even some compounds having identical molecular constituents, differ- 
ing from each other only with respect to the spatial arrangement of 
certain of their atoms (stereoisomers), may yield different odors. 

This is not to say that no predictions whatever as to odor can be 
made from a knowledge of chemical composition. Within certain 
families of substances it is possible to state fairly accurate 
substitution of one radical for another will do or how the addition to 
or subtraction from the molecule of a particular atom will affect odor. 
But the rules joining chemistry of odorants with olfactory sensitivity 
are certainly not uncomplicated, nor are we in possession of any master 
generalizations linking the two. 

By and large, odor stimuli belong to the class of organic rather than 
inorganic substances. None of the chemical elements which occur 
free in nature is odorous under usual conditions. If heated to the 
point of vaporization elementary arsenic yields an odor, one strongly 
resembling garlic. There are 29 other elements which are also found 
in the free state; not one of them is capable of exciting smell without 
first combining with other elements to form compounds. Thus, both 
hydrogen and sulfur fail to stimulate the nostrils; let them combine to 
make hydrogen sulfide, and they set up a veritable stench. Of the 
remaining elements, which are normally to be 
bined state, only a few are of olfactory interest. 
family: chlorine, bromine, iodine, and fluorine; phosphorus, in the yel- 
low form, P4; and oxygen, as ozone, Ox, The halogens do not occur, 
at normal temperatures and pressures, in their atomic state. It is 
the diatomic molecules, Clo, Bro, I» and F», that excite the sense of 
smell The odor of chlorine is f 


amiliar from bleaching agents and 
disinfectants. Bromine and 


iodine somewhat resemble chlorine, 
though they are less irritating. Fluorine one handles with great re- 


spect, since its chief use (in the form of hydrofluoric acid) is to etch 
glass! In very dilute solutions it may be smelled, however. Like the 
other halogens it is an irritant and poisonous. Its odor somewhat re- 
sembles that of hypochlorous acid, HOCI, to which it is not too dis- 
tantly related. 

The fact that the only seven elements th 
somewhat restricted region of the period 
Group 7, phosphorus and arsenic 
has naturally been of intere 
appear that the capacity 


ly what the 


found only in a com- 
These are the halogen 


at excite olfaction lie in a 
ic table (the halogens in 
in Group 5, and oxygen in Group 6) 


st to more than one theorist. It would 
to function in a high state of valency has 
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something to do with odor production. Yet one is barred from com- 
ing to a firm conclusion here by the equally evident fact that other 
elements in these groups are olfactorily inert. 

Another "near generalization" arises from a consideration of the 
isi oe the odorous elements in the so-called electrochemical 
high dm : i renis elements may be arranged in sequence, from 
co : ro depending on the potential difference between the ele- 
lh nd an aqueous solution of its salt. The greater the potential 
difference, the higher the element in the series. Those occupying the 
‘og positions, all metals, are able to displace lower elements from their 
ean fies it turns out that six of the seven odorous elements occupy 
tas 1¢ last seven places in the series. Arsenic seriously violates the 

le by appearing in the middle of the total series, however, and thus 
ede the formulation of what might have be 

actory chemistry. 

Ti ecl to the my tery of the chemical p i 
hubs eie = discovered either within the genus ai h 
asl te Ren ochemical series. These anh T M e Tutos 
vong ajority of odorants are organic compounds anc ane 4 A $n. 
sat ee : ii gre With a few Maec x cha cine el 
terials pei ser CCC) yd endis e MODE Tu addition 
ley are likel oput ae din y n pg it sulfur, or üe 
halogens , s M to contain oxygen. vuU A Hide SM of thee 
legen ue represented in their sonin ea DE igri 
quently , Sppsars am organic compounds, thous as 

Many T Hae uera aboye ; have been studied s 'stemati- 
cally wk amilies of organic compounds p 2 Some ^. i ei 
ers ae 1 respect to their odor-producing c prec dei n E er ^ 
rte aro resemblances of odor pretty clear Eme ns bis 
Pounds. 1 arsenic to have odors feminists” ; = a E Pasta 
and tell >y and large, are Maus ly ] $ ipd ie cq 
frame. Sag Ethers and esters er ety to the phon 
exudeq bn ae by many flowers ie Sin u^ Siro ene ini 
Tequent clie nem. However, exceptions ' S ipm ad unii 
ar from p d Thus a prominent ADT E E s pots i 

having an offensive odor, smells like pc ppermint. Some o 


th 
e hi d 
1g : rb avi 7. Jer. 
Owin gher esters, such as refined beeswax, have no odor M hatever, 
Ng to their being insoluble and thus incapable of stimulating. 


there are direct and invariable links between chemical makeup 
is dos we certainly do not know what they are. The whole picture 
ther confounded by the fact that some organic compounds, cer- 


come an important law 


roperties of odors is un- 
able of elements or 
too simple. The 


as are 


and 
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tain of the substituted ammonias (amines) among them, change their 
odor with dilution. Ambergris and civet, both of which are animal 
secretions, behave in a similar manner, being repulsive in concentrated 
form but attractive, in fact used as constituents of expensive perfumes, 
when in great dilution. 


The Olfactory Receptors. The airway of the nostril gives access to 
the sensitive nerve endings, all but hidden high in a crypt at the top 


Olfactory n. 


Turbinate bones 


Hard palate 

Tongue 

Lingual n. 
Glossopharyngeal n. 


i The sensitive region, called the olfactory cleft, 
occupies an area of about 2.5 cm? in each nostril. The two olfactory 
clefts are separated by the nasal septum. 


Figure 87 diagrams the nasal passage 
the aerodynamics of odor reception. The average volume of the hu- 
man nasal chamber is 17.1 ce (34.2 ce for the two nostrils combined), 
and a considerable amount of odor-laden air may thus be in a position 
to bring about olfactory stimulation. The main movement of air, in 
ordinary breathing, takes place throughout a high are in the stream- 
lined nasal cavity, nearly all the inspired current passing through to 
the pharynx and lungs without affecting the olfactory cleft at all. 
Such air masses are not rigidly confined to a strictly limited path, 
however. Both by way of convection and diffusion odorous particles 
escape the main air stream and find their way to the uppermost reaches 
of the nasal chamber, where the sensitive olfactory epithelium lies. In 
mastication of food, motions of the palate and throat create small air 


and suggests some features of 
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movements that send odorous material up to the cleft by way of the 
Tear access provided by the nasopharynx. Particularly during exhala- 
tion, but also during the irregular breathing created by sniffing, swirls 
or air are generated in the region of the superior turbinate (see Fig. 
87), and "eddy currents" can then transport odorous particles to the 
Sensitive region with some force. 

Once having reached the olfactory cleft odorous materials can affect 
the sensitive receptors. In just what manner, whether by chemical or 
Physical means, we do not know with certainty. But we do know 
Something of the anatomical and physiological features of the pre- 
Sumed receptor cells. The system of nerve endings responsible for 
smell is, in many respects, the most primitive to be encountered in the 
body, ! 

The entire patch of tissue which constitutes the surface of the ol- 
factory cleft is known as the olfactory mucosa or olfactory epithelium. 
It consists of several million tiny endings of the first cranial (olfactory ) 
rger number of columnar or susten- 
tacular cells, — As their name implies, the latter mainly serve the func- 
tion of support, though it is the case that the columnar cells are also 
Pigmented and give a brownish yellow appearance to the area. This 


ter s € ; - z 
nds to set the sensitive region off from the neighboring unpigmented 


€pithelium, The nerve terminations, projecting through the support- 
At their distal ends 


in si * ix ail 
us cells to the surface, are called olfactory rods. 
S ey have slight swellings, cup-shaped on the end, from which a cluster 
* a dozen or so hairs arises and projects out into the nasal cavity (61). 


© rods are true endings of olfactory nerve fibers. There is no 
ach rod serving the roles 


ep lapse at the level of the epithelial tissues, ¢ 
a qnnm and conductor of nerve impulses. One might regard the 
r T rod as a kind of combined receptor and ganglion cell. Such 
Syst ity of function is not uncommon in the relatively primitive nervous 
reflet of some of the lower yertebrates. In this case it perhaps 
det the great antiquity of the olfactory system in phylogenetic 
“lopment. 
igure 88 shows a strip of olfactory epithelium of the rabbit, whose 
t is better known by far than is that of the human. The density 
sous piots in the rabbits mucosa is estimated to be 120,000 per 
= re millimeter (9). As the nerve fibers leave the epithelium they 
seen to converge into larger and larger bundles. There are no 
etal connections to join one part of the sensitive area with another, 
Uds there any overlap in distribution of fibers. The nerve bundles 


üss " . N ee ee 
sí through a number of perforations in the cribriform plate of the 


hmo; eae 
Moid bone, to which the olfactory epithelium is attached, and im- 


nerye z 
rve, together with an even la 


clef 


no 
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mediately enter the olfactory bulb, the farthest forward of the brain’s 
extensions. Near the bulb’s surface are encountered formations known 
as glomeruli, where the first synapse in the system occurs. In the 
human olfactory bulb there are perhaps 2000 glomeruli, each receiving 
many nerve fibers from the olfactory epithelium. A vast network of 
fibers arises at this point to complicate greatly the picture of nervous 
conduction. Two types of nerve cells participate, mitral cells and 
tufted cells. Dendrites of mitral cells are found in the glomeruli; their 
cell bodies lie deeper in the bulb. Some of the axons of mitral cells 
pass directly backwards to form the olfactory tract. Others connect 
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— Dum Ae. qe." 

'*atPe rd ^ p 

Lo Woher ur zn t. DM 


Fic. 88. The olfactory epithelium of the rabbit. 
nerve fibers is shown in the region of its termination 
and Warwick, 61. 


A main bundle of olfactory 
in the mucosa. From Clark 
By permission of the editor, Journal of Neurology, Neuro- 

surgery and. Psychiatry. 
with nearby tufted cells, which in turn send 


axons back to enter the 
glomeruli. A circular pathway 


is thus created, a so-called *reverbera- 
tory circuit.” The guess is that this kind of arrangement makes for 
"amplification" of the nerve message, behaving much like a regenerat- 
ing radio receiver network, and may thus servi 
level of olfactory sensitivity, 

In view of this elaborate set of pathways it would be important to 
know to what extent there is preserved point-to-point transport of 
impulses from the sensitive epithelium to the beginning of the ol- 
factory tract. Is it possible for olfactory impulses to be organized 
spatially, as those of all other modalities conceivably are? Adrian (3) 
has adduced some evidence that there is at least a primitive spatial 
patterning, some parts of the olfactory tract responding somewhat dif- 
ferentially to different groups of odors. Prompted by this discovery, 
Clark (60) has carefully followed out the degeneration paterna in the 
olfactory epithelium of rabbits who had been g 
of the olfactory bulb. Some de 


given localized lesions 
t gional projection was found. 
Both the anatomical and ne : : 
organization are appare 


gical possibilities for spatial 
We shall not atte 


e to improve the general 


gree of re 
urophysiolo 
ntly present. 


mpt to trace in detail the complicated and as yet 
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little understood pathways from the olfactory bulb back to the cortical 
smell centers. Considering the relatively minor role that olfaction 
plays in human life we have a remarkably elaborate olfactory tract. 
It is, of course, a bequest from our animal ancestors, whose noses were 
much closer to the ground and for whom olfactory decisions were 
often life or death affairs. Currently, a many-sided experimental ap- 
proach is being made in an effort to determine just what parts of the 
brain are involved in olfaction (215, pp. 113-116). The techniques in 
use are, in general, those found successful in the other sense depart- 
ments: (a) removal of animals’ central nervous tissue in varying 
amounts and in different locations, with a view to noting the effects 
on a pre-established discrimination or conditioned response; (b) 
stimulation, electrically or chemically, of the motor areas of the brain 
in an effort to arouse muscular responses associated with olfaction 
(eg; chewing and swallowing movements); (c) recording of action 
Potentials at various levels of the central nervous system when the 
sense organ is being stimulated. The evidences coming from these 
diverse approaches have then to be put together with those offered by 


neural anatomy. : 

Insofar as the various lines of evidence speak with a common voice 
they point to the cortical areas lying deep in the center of the brain 
mass as the projection zones for smell. Areas that are suspected oc- 
cupy a nearly closed ring in the lower part of the mesial surface of the 
rhinencephalon (the “smell brain"). A prominent candidate is the 
Dyriform area, since it readily reveals electrical activity during olfac- 
tory stimulation. The olfactory tract differs from all other sensory 
Systems in that it fails to pass through the thalamus on its way to the 
cortex, By indirect connection the hypothalamus presumably gets 
involved, however; at least, the anatomical pathways for such connec- 
tion are present, 


Olfactometry. If we raise the question of the minimal stimulus for 
olfaction, as we did for vision, hearing, and touch, we shall be able to 
et some answers, though they will not be as satisfactory as for the 
Other senses, It is possible to make the measurements but, thus far 
at least, not in terms of energetics. We shall not be able to say what 
&mount of physical energy is transferred from the stimulus to the sense 
Organ in passing the absolute threshold for odor. Methods are avail- 
able, however, for determining fairly accurately the threshold amounts 
of odorous materials. It is even possible to calculate the number of 
molecules present at threshold concentration. In the case of the 
Strongest odorants the amount that has to be released, to be just de- 
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tected by the nostrils, is so small that there are no as role 
or physical, of directly measuring it. The threshold quantity is s 
indeterminate, however. By starting with a known a e 9 c 

the odorous substance and evaporating it into a known volume o ait 
then repeatedly mixing this with equal parts of air to produce p 
gressive dilutions of 15, 1⁄4, \, etc., a point will be reached where odor 


Fic. 
(single) olfactometer. 


89. The Zwaardemaker 


A hard 
rubber cylinder, impregnated 
with odorous material, fits loosely 
on one end of a glass tube, the 
other end of which enters the 
nostril, Variations in odor 
strength are obtained by chang- 
ing the cylinder’s position. From 
Pfaffmann, 232, 


and a “sniff” of 20 ce volume 
could be expected to contain a 
(214, p. 79). 

Most studies involvin 
made use of the olfactometer, 
physiologist, Zwaardemaker, 
plest form it consists of a glass 
loosely slipped 


extent of odor-bearing surf: 
the subject’s inhalation, 
and double, for stimul 
simultaneously ( 
ferent odors). 

has an inner di 


ace 


It is illus 


a hard rubber or pl 
latter being impregnated with an o. 
the inner tube indicates the posi 


The olfactometer 
ation of one nostril 
dirhinic, same odor in both 
As standardized by Zwaarde: 
ameter of 0.8 cm, a length of 


sensation will just fail to be elicited. 
A series of connected containers which 
will produce such a systematic weaken- 
ing of an odorant is known as a dilution 
osmoscope. 

By this method of measuring the ab- 
solute threshold it has been found that 
the minimum perceptible concentration 
of vanillin is of the order of 2 ten- 
millionths of a milligram per cubic me- 
ter of air, that of mercaptan (C2H;SH) 
is 0.00004 mg/m’, while diethyl ether 
(the anesthetic, C;H;OC;H;) has a 
threshold concentration of about 1.0 
mg/m? of air. In the case of mercaptan, 
it has been calculated that there need 
be only 1 molecule per 50 trillion mole- 
cules of air for this foul odor to be de- 
tected. Of course, it should be pointed 
out that we are talking of molecules, 
; at the same threshold concentration, 


bout 10 trillion molecules of mercaptan 


g the determination of smell thresholds have 


an instrument designed by the Dutch 


trated in Fig. 89, In its sim- 
en at both ends, over which is 
astic tube, the inner surface of the 
dorous material, A scale etched on 
tion of the outer one and thus the 
exposed to the stream of air created by 
exists in two forms, single 
(monorhinic) or for two 
nostrils; dichorhinic, dif- 
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10 cm, and a volume of 
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50 cc. The instrument’s scale may be calibrated in smell units, “ol- 
facties,” one olfactie being the number of centimeters exposed when 
threshold is reached. Instead of relying upon a “standard sniff” to 
deliver the odorous particles, some experimenters have attached a 
small continuous-flow pump to the instrument, and air moving at 100 
cc/sec has been blown through the sys- 
tem for an exposure period of 74 sec. 
It is this difficulty of insuring that 
a constant amount of odorous material 
Will be conveyed to the olfactory cleft 
in successive exposures that has led 
to the substitution, more recently, of 
another olfactometric technique for 
the one devised by Zwaardemaker. 
Elsberg and Levy (88) have devel- 
Oped the so-called "blast injection" 
method of odor stimulation (Fig. 90). 
In this procedure an odorous liquid is 
Poured into a 500-cc bottle. An out- 
let tube leads to the nostrils; an inlet 
tube is attached to a hypodermic Fic. 90. Apparatus used in the 
Syringe. A pinchcock on the outlet blast injection technique of Els- 
is kept closed while a few cubic centi- Mie oes uum 
me Se of air be forced into the bottle, eem A known small pressure is 
ng the Syringe as a pump. With created with a hypodermic syringe 
the nose piece in place the pinchcock (scen on the right), and the re- 
74 Suddenly removed, releasing a - a peces * a bil 
m H saturated vapor rough ne 
2 ph B vapor fy oe D veiba dos Plaffmann, 232. 
. successive trials the air 
Pressure is varied to find the threshold, which then may be specified 
In terms of syringe graduations, viz. amounts of excess air pressure 
™ cubic centimeters. As in the case of the olfactometer a continuous 
Stream of air may be supplied, of course, by attaching the inlet to a 
Compressed air tank or rotary pump. When so modified, the technique 
5 called the “stream injection” method. 
The blast injection technique, though fairly widely used for both 
*Xperimenta] and clinical purposes, possesses a serious inherent fault. 
Tessure variations, as well as causing differing amounts of odor-laden 
"lr to be “blasted” up to the olfactory cleft, make a differential appeal 
to the cutaneous receptors of the nostrils. In threshold determinations, 
therefore, air pressure, rather than odor intensity, may provide the 
ue. This seems to be the source of the difficulty in Wenzel's (308) 
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attempted measurement of the differential threshold for one of the 
alcohols, even though she improved the original Elsberg technique 
notably by arranging for uniform pressure to be exerted throughout 
the duration of a given exposure. 

The most elaborate of all attempts to measure olfactory sensitivity 
is found in the “olfactorium” (96), an instrument consisting of a glass 
double chamber of 250 ft? capacity. In the inventors' view the taking 
of olfactory thresholds in an ordinary room is like attempting to per- 
form audiometric measurements on a busy street corner. In the use of 
the olfactorium the experimental subject first bathes to eliminate re- 
sidual body odors, then slips into a plastic envelope before entering 
the inner glass chamber, a "completely controlled odor environment." 
Pure air or odor-bearing air of predetermined composition, tempera- 
ture, humidity, and pressure can be introduced at different places and 
by different methods to the cabinet. This much preparation for odor 
stimulation may seem like the ultimate in experimental precautions, 
but it is probably the case that the low reliability attending measure- 
ments in olfaction are due, more often than not, to failure to effect the 
obvious controls of important variables. 


Differential Olfactory Sensitivity. The question of AI, and the further 
one of Weber's fraction, AI/I, may be raised for smell as for the other 
sense modalities. Experimental determinations of AI, made by sev- 
eral different investigators and covering a span of half a century, are 
in fair agreement. If absolute smell sensitivity is high, differential 
sensitivity is not; values of AI, for several different odorous substances, 
prove to be uniformly large. According to the results obtained by 
Zigler and Holway (328), who used a modification of Zwaardemaker's 
olfactometer to measure AI for India rubber, the Weber fraction varies 
systematically with absolute intensity. Thus AI/I has a value close to 
1.0 when I is at the low level of 10 olfacties. At 400 olfacties, the high- 
est intensity used, the Weber fraction diminishes to about 03. Inter- 
vening values show a progressive lowering of AI/I as absolute intensity 
is increased. Apparently Weber's “Law” (AI/I = K) holds no more 
exactly for olfaction than it does for the other senses. 

The Olfactory Qualities. It has been seen that chemical composi- 
tion seems not to serve as an entirely adequate basis for the classifica- 
tion of odors. What happens if we rely on direct observation of smell 
sensations? Many attempts have been made to classify odors on the 
basis of their resemblances and differences. Odor systems abound. 
One of the oldest of them, dating from the middle of the eighteenth 
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century, was devised by the Swedish botanist, Linnaeus. It was his 
odor system, developed primarily as an aid in the classification of 
plants, that was amplified slightly by Zwaardemaker to give the fre- 
quently-repeated ninefold arrangement of odor qualities: ethereal 
(fruits, wines); aromatic (spices, camphor); fragrant (flowers, va- 
nilla); ambrosiac (musk, sandalwood); alliaceous (garlic, chlorine); 
empyreumatic (roasted coffee, creosote); hircine (goaty odors, rancid 
fat); foul (bedbugs, French marigolds ); and nauseous (feces, carrion 
flowers), There are some obvious difficulties with this grouping of 
odors. Among the thousands of spe- 
cific smells that have to be accom- 
modated by the nine categories there 
are doubtless many hundreds that 
could not reasonably be pressed into 
50 simple a scheme. Moreover, it is 
quite possible to find odors in two 
different categories of Zwaardemak- 
er’s listing that have more resem- 
blance to each other than they do to Spicy 


their fellows in the same odor class. Fic. 91. Hennings smell prism. 
The figure is a hollow one with the 


difficulties of classification stems, 2h PAS ps te 
Particularly where distinctions are — or dors which bear resemblances to 
difficult and the number of classifica- several primaries. 
tory rubrics is limited. . 
Another attempt at odor classification is that of Henning, who has 
given us the analytic scheme represented by the smell prism (Fig. 91). 
` d to be a hollow one with a multitude 
ach of the surfaces. The “primary” 
qualities are found at the corners: flowery, fruity, foul, spicy, resinous, 
and burnt. Like all such models of sensory qualities Henning’s smell 
Prism is partly based on experimental findings, partly on purely ra- 
tional considerations. And, like many such geometrical constructions, 
the figure has a number of unwanted implications inherent in it. Any 
odor appearing on a line bounding one of the prism faces should have 
a dual reference. It should resemble both the qualities terminating 
the line on which it stands. Thus, the odor of thyme should equally 
esemble “spicy” and “flowery,” since it stands on the edge midway 
Detween these two corners. Similarly, sassafras as equally spicy" and 
Tesinous,” acetone is equally “resinous” and fruity, and oil of roses 
15 equally "fruity" and “flowery.” Odors standing on one of the square 
aces of the prism should have a quadruple reference but should most 


Resinous 


Of course, these are the common 


The triangular prism is intende 
Of discrete odors occupying e 
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strongly resemble the qualities at the nearest corners. In the same 
way, odors lying along diagonal lines that bisect a prism face should 
have four reference points, since they are at the same time on a face 
of the prism. An odor lying at the center of a face should equally 
resemble all the four primaries from which it is equidistant. 

There has been, in the main, quite general failure to establish the 
validity of Henning's smell prism through experimental check. Large 
individual differences in reaction are encountered, and analytical judg- 
ments of odors possess less reliability than could be desired, even 
where observers have had some training. Difficulties of this sort are 
found—an observer will report that menthol, say, has an equal re- 
semblance to “resinous” and “flowery” yet deny that it is either "spicy" 
or "fruity." Moreover, the position his analysis gives it is the center 
of the flowery-fruity-resinous-spicy face of the prism, and this is 
already occupied by the odor of arbor vitae. And menthol does not 
smell like arbor vitae! 

The triangular prism, with its limitation to six fundamental odors, 
seems not to do justice to the complexities of odor sensation. Wood- 
worth, who has made a careful evaluation of Henning's system (319, 
pp. 482—492), believes that much of the difficulty arises from the non- 
olfactory components in odor reception. Many odorants stimulate the 
cutaneous endings in the walls of the nostrils, the resulting sensation 
being reported over the trigeminal nerve as well as the olfactory. 
Many other scented materials make a separate appeal to taste. The 
result is a complex perception, smell plus sweet, sour, cold, warm, or 
pain—and mixtures of these—which prevents the formation of a simple, 
reliable judgment concerning the odor component. 

If it appears impossible to force all smell sensations into Zwaarde- 
makers ninefold arrangement or Henning's sixfold one it is perhaps 
not surprising that another odor system, which attempts to get along 
with but four categories, should have some difficulty establishing itself 
(64). The Crocker-Henderson system posits four fundamental odors: 
fragrant, acid, burnt, and caprylic (goaty). Three of these are 
familiar from other odor classifications, but “acid” is a term more 
commonly associated with taste than with smell. Each of the four 
fundamental qualities is supposed to occur in most complex scents but 
with varying intensity from substance to substance. The presence of 
each is presumably detectable in the complex, and not only may it be 
analyzed out with a little practice but a numerical rating may be 
given to it, based on relative sensory intensity. The scale selected is 
a nine point one, 0-8 inclusive. Thus phenylethyl alcohol is said to be 
fragrant in degree 7, acid in degree 4, burnt in degree 2, and caprylic 
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in degree 3. Phenylethyl alcohol may thus be designated in numerical 
code: 7423. In the same way a 20% solution of acetic acid is mildly 
fragrant and goaty, intensely acid, and not at all burnt. Its symbol is 
3803. Methyl salicylate stands at the top of the scale of fragrance 
(8453), while toluene is near the bottom of it (2424). Damask rose 
has few objectionable qualities (6523). Anisole, with the designa- 
tion 2577, seems best to be described as having a somewhat sour, 
quite burnt and goaty odor. 

The scheme is an ingenious one, and there are some obvious advan- 
tages in specifying odors by numerical code. The test of the Crocker- 
Henderson system, however, would seem to lie in its adequacy to 
yield reproducible and unvarying analyses of odorants. Thus far 
there seems not to have been an entirely unobjectionable evaluation of 
the system in this regard. One should be forthcoming, for the basic 
standards of the system have been made commercially available, and 
there is only required the properly designed experiment to make the 
rendering of a verdict possible. 

Other attempts at systematizing odor sensations have been made, 
none of them with conspicuous success. It has been supposed that 
Some central principles of smell organization might come from the 
application of the mathematical technique of factor analysis, and 
Several sets of data involving olfactory judgments have been treated 
in this way. Thus Hsii (169) has factor analyzed the ratings made 
of 31 odors with respect to the dimension of pleasantness-unpleasant- 
ness, Three clusters of odorants appeared in the analysis, one group 
characterized by chemical unsaturation (a benzene-ketone group), 
another having oxygen uniformly present in the molecule (a “plant” 
group of odors), and a third possessing nitrogen (an animal” group). 
Statistical interrelations were sufficiently intimate to prevent a high 
degree of discreteness in the groupings. One would certainly do as 
Well, in devising a classificatory system, to sort out smells on the basis 
9f the chemical structure of their stimuli, and, to be sure, we have 
already seen what comes of that. Moreover, affective ratings of odors 
Would hardly seem to be the stuff of which to fabricate an odor system. 


n with all other sensory systems in the body 
henomenon of adaptation. In the 
here is a gain in sensitivity, remi- 


Adaptation. In commo 
ne olfactory sense displays the p 
®sence of any odor stimulation t 
Riscent of dark adaptation in vision. Also, like the analogous phe- 
nomenon of visual light adaptation, there is a decline in sensitivity with 
Continuous odor stimulation. The latter effect, also known as smell 
atigue or smell exhaustion, is responsible for some quite abrupt re- 
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ductions in acuity, changes which on occasion come to be of very real 
practical concern. Miners long ago recognized the principle, at least 
implicitly, in their use of canaries and mice for the early detection of 
the presence of methane which, because of the operation of adapta- 
tion, might go unnoticed by human nostrils. 

The high levels of sensitivity obtainable through complete removal 
of olfactory stimuli have not often been studied. Entirely odor-free 
surroundings were provided, however, by the camera inodorata of 
Komuro (189), one of Zwaardemaker’s students, and it was possible 
to measure sensitivity to a number of odorants under the contrasting 
conditions of (a) prior exposure to the purest of air, and (b) pre- 
vious adaptation to the air of the laboratory. Threshold measurements 
to nine organic reagents were made with the olfactometer. Reductions 
in threshold values, from the contaminated to the pure air situation, 
ranged from 9% in the case of pyridine to 39% for artificial musk. The 
average drop in threshold was of the order of 25%. Apparently we go 
about partially odor-adapted most of the time. 

Sensitivity changes of the opposite variety, reductions attendant 
upon continued exposure, have not in general received the complete 
and systematic experimental treatment they deserve. It should theo- 
retically be possible to learn a great deal about the fundamental 
properties of smell receptivity from curves depicting the course of 
olfactory adaptation, In fact, it would be safe to say that we should 
be in a position to solve many of the problems already posed, e.g., 
the basic one of odor classification, if we had an intimate picture of 
the adaptation process, including its dependency on stimulus composi- 
meni eee = oh smell stimuli. The failure to 

acapta picture is, of course, not entirely due 


to oversight. We have already seen something of the difficulties of 
stimulus control in this area. 


Adaptation rate, in whatever sense dep 


proves to be a function of stimulus intensity. Some experiments per- 

formed by Zwaardemaker show that the sense of small is 2 vex p- 

tional in this regard. Figure 92 reveals the progressive raising of the 

absolute threshold to two different concentrations of ] vies rand of 

India rubber as the time of exposure is increased his dace of 
: a 
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threshold increase in a half-minute, whereas the 10-olfactie stimulus 
requires 45 sec to effect a change of this magnitude. 

It is apparent from the straight-line relationships shown in Fig. 92 
that the adaptation process in these cases has not as yet been brought 
to completion. Either there should be a leveling off of thresholds at 
some high point on the olfactie scale, adaptation having brought about 
a new equilibrium with the olfactory 
environment, or thresholds should 
become infinitely high. As a matter 
of fact, the latter should occur be- 
cause, unlike visual and auditory 
sensations, which adapt down to a 
lowered brightness or loudness level 
but which never reduce themselves 
to zero intensity so long as the 
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worker, and a hazard, in the case of 
those whose *best friends will not 
€ven tell them"! 

Several other phenomena con- 
nected with adaptation appear to be 
important, but much more work will 
have to be done on them before their 


Fic. 92. Olfactory adaptation to 
two concentrations of benzoin and 
India rubber. Thresholds are pro- 
gressively raised as adaptation pro- 
ceeds. The rate of adaptation is 
faster for benzoin than for rubber. 
In each case there is more rapid 
adaptation to the stronger stimulus. 


full import can be known. Thus, After Zwaardemaker, 329. 


certain odors undergo qualitative 
changes along with the intensitive one caused by continuous ex- 
posure. A case in point is that of ionone, a ketone used extensively in 
the manufacture of perfumes. In strong concentrations it resembles 
Cedarwood, but with continuous smelling it changes to its more 
familiar odor, one simulating that of violets. Similarly, nitrobenzol has 
a “bitter almond” odor when first smelled but takes on a quality more 
r as adaptation proceeds. If the qualita- 
aptation were charted for all odorants we 
powerful set of facts. 


nearly resembling that of ta 
tive changes produced by ad 


Should be in possession of a ; 
Another effect which is known, but not systematically explored as 


Yet, has to do with the selective nature of adaptation. Many odors 
chave in a relatively specific fashion when adaptation takes place; 
Le., not only is their own threshold raised but those of other odors 
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suffer as well. Adaptation to camphor severely affects thresholds of 
Eau de Cologne, oil of clove, oil of eucalyptus, and ether. To a lesser 
extent sensitivity to citral (oil of lemon) and safrol (oil of sassafras) 
is also reduced, while that to some other odors, e.g., benzaldehyde, are 
relatively unaffected. The relations seem to be mutual; complete 
adaptation to benzaldehyde leaves camphor, clove, and eucalyptus 
likewise unaffected. The occurrence of specific fatigue effects of this 
kind implies some natural groupings of odors. 


Odor Mixture. That we are as yet quite ignorant of even the 
simplest relations between different odors is abundantly evident from 
the current uncertainties regarding their classification. Many thous- 
ands of different scents can be discriminated; just how many is not 
known. And with each passing day the organic chemist is adding new 
ones. It is quite possible, however, that only a few elementary odors 
are needed to account for the whole range of possible smells. The 
situatiun may be much as it is in color, where three primaries are suf- 
ficient to synthesize the total gamut of visible hues. Were we as cer- 
tain of the facts of odor mixture as we are the facts of color mixture, 
we should be able to approach with confidence such problems as those 
of odor specification and flavor analysis. As matters now stand our 
information along these lines is at best characterized as sketchy. 

In a general way the procedures available for the mixture of odorous 
stimuli are analogous to those used in color mixture. Just as one may 
produce composite colors by superposing on a reflecting screen two 
different spectral samples, then observing the single result of their 
union at the retina, “composite” odors may be arrived at by physically 
mixing two odorous liquids or vapors in a container and sniffing the 
combined product. There is this difference, however. The spectral 
samples will lose their identities in the new fusion. Orange may “re- 
semble” both red and yellow, but one does not first see red, then 
yellow, in the blend. Odors, unless they bear a close qualitative re- 
semblance to each other to begin with, are unlikely to mix with this 
degree of intimacy. The possible results of the simple mixture of two 
dissimilar odorous stimuli seem to be: (1) a composite which yields a 
unitary impression, the new odor resembling both the original con- 
stituents; (2) a loosely organized blend in which the originals are 
successively perceived, each being momentarily present to the ex- 
clusion of the other; (3) a fusion, somewhat like a musical chord, 
where the “partials” can be attended to separately but a unified Gestalt 
"ir the a ce nt th gh d 

ming process; and, more doubtfully, 
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(5) neutralization of each by the other so that the net result is total 
cancellation of odor. 

This last possibility, odor neutralization or “compensation,” has been 
the subject of controversy. Zwaardemaker found it to occur with a 
number of opposed odors (e.g, cedarwood and India rubber; balsam 
and beeswax), but Henning regarded the effect to be a sheer myth. 
It should be said straightway that the bringing together of odorous 
materials to permit their possible chemical interaction is not at all 
concerned here. Such “mixture” only produces stimulus alteration, of 
course. Usually the result of such a change is quite predictable from 
a knowledge of the component qualities and concentrations. In the 
case of compensatory mixtures what we are interested. in is the result 
of simultaneous arousal of two antagonistic olfactory processes which 
may interfere with each other and tend to obliterate sensation. To 
settle the question it would seem to be necessary to keep the two 
opposed odorants apart, letting each stimulate a separate receptive 
area, This can be done, of course, with a double olfactometer and 


dichorhinic stimulation, since the nasal septum insulates the two 
The procedure is analogous to binocular color 


clefts from each other. 
ye, cancels out complementary 


mixing where blue, presented to one e 


yellow, presented to the other, to give gray. 

Dichorhinic mixing has been performed with many odorants and by 
Many experimenters, but there seems not to be much agreement on 
the facts. Zwaardemaker regularly combined different odors, always 
of low intensity, to produce odorlessness. He cautioned that complete 
Neutralization can come about only by the most careful selection of 
Stimuli and graduation of their strengths. Even then the zero point 
may be only fleetingly observed. Complete neutralization ina three- 
Component mixture he reported to be more difficult of achievement. 
He obtained it only once in the exploration of 252 mixtures, then by 
combining terpincol, ethyl bisulfide, and guaiacol (330, p. 502). Hen- 
ning, who also experimented extensively with odor mixtures, denied 
the possibility of complete neutralization. In dichorhinic smelling, 
which he regarded to be unnatural and therefore untrustworthy as a 
technique, iios could be unions of two odors which he called *co- 
incidence smells,” blends having a unitary character but in which the 
Components could be held apart by straining attention. There could 
also be “duality smells,” where the two odors seemed to have separate 

ut simultaneous existences, each being clearly localized in its own 
nostril, However, complete abolition of odor through cancellation he 
thought occurred only through chemical interaction, never through 


tue “physiological mixing.” 
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The resolution of this question lies in the future. Meanwhile, it is 
possible that Henning was looking for an effect having far greater 
stability than odor neutralization is supposed to have. It is certainly 
the case that mixtures tending toward cancellation occur commonly 
enough. In medical practice Peruvian balsam may be used to neutral- 
ize the odor of iodoform. Carbolic acid is often used to counteract 
objectionable biological odors. Florists know that some flowers, more 
desirable for their appearance than their fragrance, may be rendered 
olfactorily inoffensive by adding other odorous flowers or leaves to 
the bouquet containing them. Within the chemical industry there is 
a well-developed effort to “engineer” odors. Thus, because many peo- 
ple find sponge rubber, increasingly being used in upholstery and 
bedding, to have an objectionable scent about it, there is used in its 
manufacture a “reodorant” which makes the product more generally 
acceptable. All this may be “masking” rather than “mixing.” If so, a 
separation of the principles should come out of properly designed 
quantitative experiments; further qualitative ones 


are unlikely to de- 
cide the issue. 


The Electrophysiology of Smell. The changes occurring in the ol- 


factory nerve when odors stimulate the receptor cells have been 
studied, but they are not known as intimately as are analogous events 
in other sense departments, vision and audition in particular. Part 
of the difficulty in getting a better picture of the nerve’s response 
should be suggested by the obvious anatomical barriers to such study. 
Fibers leading from the olfactory epithelium to the bulb are com- 
pletely inaccessible and, in any case, are fine, unmyelinated threads 
with little structural strength. No one has ever succeeded in recording 
the electrical activity in them. However, secondary neurones can 
be gotten at in favorable preparations. In some fishes—the catfish, 
carp, and tench have been studied—the olfactory bulb is attached to 
the forebrain by a relatively long “olfactory stalk” in which the fibers 
are medullated ones. By careful dissection the bundle can be gotten 
down to relatively few surviving fibers and their action potentials can 
be picked up, amplified, and recorded. Several mammalian forms 
have also proved to be susceptible of study, though here there is no 
stalk and it becomes necessary to plunge microelectrodes into the 
olfactory bulb or some other portion of the central tract to detect 
electrical changes associated with odor reception. 

Adrian (3) has performed the most extensive experiments. Using 
fine wire electrodes, insulated except at the tips, he inserted them into 


various portions of the bulb to a level that would contact the axons 
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of mitral cells. Bursts of action potentials accompanied each inspira- 
tion of odor-laden air, provided the right odorants were used and in 
sufficient concentration. In general the materials effective for human 
noses proved also to arouse olfactory reactions in cats, rabbits, and 
hedgehogs, Thus odorless air, carbon monoxide, and carbon dioxide 
were without effect. Compounds such as hydrogen sulfide, benzene, 
and acetylene produced trains of impulses. Some interesting species 
differences appeared. The rabbit gave the best potentials to fruity 
and aromatic smells, while the cat, unresponsive to floral odors, was 
especially sensitive to decaying animal material. The hedgehog is 
characterized by great olfactory versatility, a great range of substances 
evoking action potentials. Catfish responded strongly to foul materials, 
the most efficacious of Adrian’s stimuli having been a kind of purée of 
decayed alligator head! 

Records of electrical activity taken from electrodes embedded in 
the olfactory bulb necessarily represent the summed effect of many 
primary neurones. At best the projection involved is of a fairly gen- 
eral region of the olfactory epithelium, and the end organs contributing 
to the recorded potentials must be somewhat sparsely distributed 
throughout that region. It is a matter of considerable interest and no 
little theoretical importance, therefore, to find that some differences of 
discharge pattern can be detected by comparing the records taken 
from different portions of the olfactory bulb. In the cat the anterior- 
dorsal portion of the bulb shows its best response to amyl acetate and 
close chemical relatives. Such odors give an abrupt discharge which 
begins and ends with the intake of breath. Hydrocarbons, coal gas 
specially, make their strongest appeal to the posterior-ventral portion 
of the bulb. The potentials arising from their action are relatively 
slowly developing, rather than abrupt, and outlast somewhat the move- 
Ment of air carrying the scent. A third area in the cat’s olfactory lobe, 
having a posterior-dorsal location, gives its greatest effect when the 
Stimulus is decayed meat or fish. Trimethylamine, which has a fishy 
Odor, produces a large response in this area. There are thus at least 
three spatial-temporal patterns of excitation that can be shown to be 
Connected with stimulus constitution. Perhaps a more thorough search 


will reveal additional ones. 


Theories of Smell Sensitivity. Where facts are sparse, guesses are 
likely to abound. Lack of a sufficiently extensive body of established 
fact prevents the formation of a consistent and inclusive theory of 
Smell. Tn its place there has accumulated a multiplicity of ideas, few 
Of which can be dignified with the name "theory" or even "hypothesis," 
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Moncrieff (214, p. 314) catalogues 22 separate attempts at providing 
an odor theory, the earliest dating from 1870. Approximately half of 
them look to one or another chemical feature of odorants as the basic 
principle. Most of the remainder emphasize intramolecular vibrations 
and make of odors sources of wave motion which may arouse the 
olfactory epithelium to action. 

The test of a theory, as we have had occasion to note several times 
previously while evaluating theories in other sense departments, is 
provided by (1) its ability to accommodate all relevant existing facts, 
or at least the better established of them, and (2) its fruitfulness in 
suggesting new hypotheses, in the experimental verification of which 
new facts will emerge. Theories of smell which meet these standards 
adequately are non-existent. Most of the possible candidates fall down 


on the first requirement. Not being broadly conceived, they are re- 
stricted to consideration of but a single chemi 


cal or physical property 
of odors. 


Other equally significant facts arise to embarrass them. 
Nearly all theoretical constructions in this field fail also to meet the 
second specification of acceptable theories, that they generate experi- 
mentally testable hypotheses. In this regard, however, one should not 
be too critical, for the failure may not be one of thought or ingenuity. 
The familiar barriers to olfactory research, difficulties of stimulus con- 
trol and inaccessibility of receptors, may be more to blame. 

The theoretical ideas thus far advanced are broadly classifiable into 
three categories, based on central emphasis: (1) those employing the 
notion of direct radiation from the odorous source; (2) those positing 


chemical reactivity as a necessary step in reception; and (3) those 


involving a radiation mechanism within the nostrils, once the odorous 


vapor has come into proximity with the olfactory epithelium. 

The first of these need not detain us long; several simple considera- 
tions defeat it. The facts that odors travel with the wind, are not 
transmitted through transparent solids or reflecte : 
their strength altered by temperature changes—to mention only a few 
—all speak against odor as a form of wave motion or corpuscular 
streaming from the source of scent to the nose. 

What of the second class of theoretical constructions, those postu- 
lating the occurrence of chemical reactions between particles of the 
odorant and the tissues in the olfactory cleft? This type of theory has 
to be taken more seriously. That many of the changes characteristic 
of chemical reactions actually occur in the course of odor reception 
cannot be denied. The general facts concerning volatility and solu- 
bility we have already reviewed. It is a natural assumption that odor 
particles, having arrived at the cleft in vaporous form, enter into chem- 


d from mirrors, have 
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ical combination with the substances there, whether aqueous or lipoid, 
protein or enzyme. A specific hypothesis based on the last-mentioned 
possibility is that of Kistiakowsky (185). He speculates that the ol- 
factory nerve response may be set off by a system of reactions that are 
catalyzed by enzymes, as yet unidentified but present in the olfactory 
epithelium in a number related to that of “the number of basic smells,” 
An odorant is pictured as inhibiting the action of one or more of the 
enzymes. This in turn causes shifts in the concentrations of the basic 
smell substances. Such changed concentrations are sufficient to set off 
appropriate impulses in the first cranial nerve. Kistiakowsky’s hy- 
pothesis is in harmony with several salient features of the olfactory 
Process and possesses, in addition, the real merit of being relatively 
simple in conception. The most important argument that can be 
urged against it applies with equal force to all other chemical hy- 
potheses of odor stimulation, viz., it is difficult to picture a reaction 
based on sheer chemical change that observes the time schedule found 
in odor reception. Smell sensations are initiated practically coinci- 
dentally with the movement of odor-laden air in the nostrils. More- 
Over, in most instances there appears to be no perceptible lag in bring- 
ing the response to an abrupt termination. The sensation does not 
appreciably outlast the stimulus, so far as can be judged. How the 
slate can thus be wiped clean in the twinkling of an eye is not clear. 
B erhaps, if all the facts were known, we should find that there are 
Sreater delays than there appear to be. Perhaps the time relations are 
not inconsistent with the operation of substances as dilute as the olfac- 
tory enzymes need to be. Perhaps—and this seems not improbable— 
We are dealing with a mechanism not unlike that hypothesized by 
Bazett for temperature stimulation of the skin (see Chap. 11). Perhaps 
à “gradient” of absorption, regulated primarily by the velocity with 
Which odor-laden air strikes the sensitive epithelium, is a necessary 
Condition, Data on the rapidity with which successive odors can 
Teplace each other in sensation would be vital to such a hypothesis. 
nly more intimate studies of events transpiring at the cleft can 
Provide the necessary answers. k , : 
The third type of hypothesis—that postulating vibrational inter- 
Change between odorous vapors in the nostrils and the sensitive tissue 
Surface—exists in several different forms. Here belong Dyson’s theory 
Of the Raman shift, already alluded to, and Heyninx’ belief that the 
Molecules of odorous materials vibrate with a period equal to that of 
the ultraviolet light they absorb. Here also belongs the hypothesis, 
revived and elaborated by Miles and Beck (24), that odors are appre- 
“lated by way of their infrared absorbing characteristics. It has been 
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known since the researches of Faraday that odorous substances strongly 
absorb energy from the infrared portion of the electromagnetic spec- 
trum, waves varying roughly from 1 » to 100 p in length. The human 
body is, of course, an infrared radiator. At normal body temperature 
waves ranging from 4 p to 20 p, with a peak intensity at about 9 p, are 
emitted. This being the case, so the theory goes, an odorous vapor in 
the nostrils can be expected to absorb infrared radiation in accordance 
with its own unique absorption spectrum, thus producing a transient 
local cooling of hair cells in the olfactory epithelium. A pattern of 
receptor elements, thrown out of dynamic equilibrium, discharges its 
fibers and reports the presence of the absorbent odorous substance. 
Several serious objections to the infrared radiation theory have been 
offered. "There are optical isomers of certain substances, limonene, 
e.g., that have precisely the same pattern of infrared absorption but 
which can be distinguished from each other on the basis of smell, The 
d-limonene form smells like freshly crushed lemon rind, while [-limo- 
nene resembles a moldy lemon. Another pair of isomers, hence with 
identical infrared lines, are d-carvone and l-carvone. The dextro-mem- 
ber is variously described as like dill or caraway, while the levo-form 
smells like spearmint. It is possible that the infrared absorption hy- 
pothesis can extricate itself from such embarrassments. Meanwhile, 
it is not apparent that the human nose is designed to do the work 


of an infrared spectrometer, which is substantially what this provoca- 
tive but unconvincing theory demands. 


The Sense of Taste 


Taste is the “poor relation” of the family of senses. It is poor in 
having only a restricted set of qualities to contribute to the sum of 
human experience. It is also relatively poor as an object of productive 
Scientific inquiry. The two things are not unrelated. Gustatory phe- 
nomena do not loom large in the world of human affairs, and few 
scientists have been attracted to their intensive study. However, fully 
as intriguing mysteries exist here as in other sense fields, as we shall 
see, 


The Stimuli for Taste. To be tasted a substance must normally be 
ans that taste stimuli can initially be in solid, 


soluble in water. This me 
ded only that they will go into 


liquid, gaseous, or vaporous form, provi 
solution to some extent upon coming into contact with saliva. Their 
efficacy as taste stimuli then depends on a number of variables, among 
them solubility, concentration, jonization capacity, temperature, and 
their basic chemical composition. It is this last factor that has received 
the most attention, There is general agreement that there are but 
four basic taste qualities: salt, sour, bitter, and sweet. Curiosity as to 
the chemical foundation for these differences is natural. 

Stimuli for the salty taste are best exemplified by table salt, NaCl. 
In fact, this is a common taste standard, all other substances being 
Judged for the salty taste by comparison with it. NaCl, upon going 
Into watery solution, immediately becomes ionized (NaCl Nat + 
Cl-). Both the anion, Cl-, and the cation, Na*, have some re- 
Sponsibility for the salty taste, as can be judged by observing the 
effects of joining Cl- with other cations and Na* with other anions. 
KCl, NH,CI, LiCl, ZnCls, and CaCl» all taste salty but not exactly 
alike, as would be the case if only the anion were responsible. Per- 
APs certain of these compounds make an appeal to other basic tastes, 

itter or sweet, and thus acquire individuality of pattern through taste 
mixture or blending. One of this group, ZnCl, is an astringent and 


295 
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thus arouses a cutaneous component. A series of compounds made 
up of sodium joined with various anions is found to produce different 
strengths of the salty taste. The series goes like this, in order of 
diminishing strength: Na,SO,;, NaCl, NaBr, NaI, NaHCO;, NaNOs. 
Since the sodium cation is common to all these salts it must be con- 
cluded that the various anions are responsible for the differential 
stimulating capacities displayed. Conspicuously salty cations, in addi- 
tion to the commonly encountered Na and K, are Li, Mg, and NH;. 
Anions are commonly the halides (Cl, Br, I, F), sulfates, nitrates, 
carbonates, and tartrates. One other generality about salty-tasting 
compounds seems possible, viz., all of them are of relatively low 
molecular weight. As salts get heavier there is a tendency for their 
taste to change from salty to bitter. Thus the chlorides, in general, are 
salty tasting, but cesium chloride, CsCl, which has a very high mo- 
lecular weight, is bitter. Other heavy halides, CsI, KI, RbI, and RbBr, 
are also bitter tasting. Unfortunately, the generality concerning mo- 
lecular weight may not be inverted, for it is not true that salts with 
light molecules are invariably salty tasting. Salts of beryllium (atomic 
weight, 9.02) are sweet; until recently beryllium was called glucinum, 
“the sweet element.” 


The sour taste, like the salty one, results from ionic action. Here it 
is possible to be quite specific. The ions concerned 
cations resulting from acid dissociation, viz., hydrogen ions. That 
the hydrogen ion is the essential agent in the production of the sour 
taste is shown by the fact that all mineral or inorganic acids, such as 
HCI, H5SO,, or HNOs, taste alike provided they are sampled in equal 
concentrations. To be sure, the same general statement cannot be 
made about weak organic acids such as acetic, tartaric, and citric. 
These have distinctive tastes, and they are, moreover, more sour than 
they should be if hydrogen-ion concentration were the sole principle 
at work. Itis probable that the complex molecular structures found 


in the organic acids have an influence on more than a single basic taste 
mechanism and that their “flavor” really depends on gustatory blend- 
ing. Much of the difficulty in arriving 


are always the 


at a single, simple correlate 
for the sour taste seems to have come from th 


limi 1 nat $ he failure of experimenters 

to eliminate the chemical interactions between sour stimuli and saliva 

t T "1 r > 

the latter serving as a buffer solution in the ensuing stimulation of the 
gustatory receptors. Minimizing the effect 


of saliva by first clearing 
the tongue surface, then confining the acid stimulus to a mechanically 


isolated area of the tongue which saliva cannot invade, results in uni- 
form threshold values for all acids of e 


al chemi ini - 
pacity (283, p. 1149). qual chemical combining ca 
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Salty and sour tastes are, then, essentially ionic; they are generated 
only after molecular dissociation has taken place. The stimuli for the 
remaining taste qualities, bitter and sweet, may also be ionic, though 
usually they are not. The most potent bitter materials are the alka- 
loids brucine, strychnine, and nicotine. A slightly less powerful alka- 
loid, quinine, is commonly used in taste experiments. These sub- 
stances operate in the undissociated, molecular form. This is not to 
say that bitter tastes cannot be aroused by ionic solutions. On the 
contrary, in appropriate combination, ions of magnesium, silver, ferric 
iron, cesium, rubidium, and iodine all call forth the bitter taste. 

Stimuli for sweetness exist in a profusion of forms and come from 
many different chemical families. Certain of the soluble lead and 


beryllium salts ionize to yield the sweet taste. Compounds contain- 
re frequently sweet. The sweetest 


ing the hydroxyl anion, —OH™, ar 
substances, however, have complex organic molecules which do not 
ionize. This is true of most of the sugars and of a host of compounds 
synthesized for use in the confectionery industry. Of recent years 
there have been concocted many new sweetening agents, some of them 
several thousand times as sweet as cane sugar. For the most part they 
are complex aromatics, all containing prominent nitro groups in their 
Structure. 
There is a suggestive relationship in the fact that many bitter and 
sweet stimuli have similar chemical and physical properties. Sweet 
materials, upon undergoing only a very slight chemical modification, 
merely an architectural rearrangement of atoms in the case of certain 
stereoisomers, may have their taste transformed to bitter. It is espe- 
cially notable that a considerable number of sweet compounds falling 
in chemically related or “homologous” series tend to become bitter as 
the series is ascended. The effort to disclose generalities concerning 
chemical and physical properties of taste stimuli recalls the similar 
attempt in connection with smell. “Laws” of gustatory stimulation are 
as difficult to come by as are olfactory ones. If there are any altogether 
Simple principles governing the relation between physicochemical 
Composition and sensation quality they have until now eluded scien- 
tific detection. 
The stimuli thus far considered are the normal or “adequate” ones 
Or taste, Two forms of unusual or non-adequate stimulation are 
nown. One involves, somewhat surprisingly, chemical stimulation by 
way of the blood stream; the other is what has come to be called 
‘electric taste.” The arousal of taste by substances transported by the 
lood has not been studied in any systematic way but has occasionally 
en reported as a kind of curiosity. A similar treatment has been 
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afforded the somewhat more frequent production of smell sensations 
by the same route. In a few instances both smell and taste seem to 
have been aroused by a common agent in the blood (25). Thus 
patients taking the arsenical, Neosalvarsan, have reported tasting and 
smelling the substance only a few seconds 
venously in the forearm. The average latency was somewhat under 
8 sec, approximately the time required for the blood stream to trans- 
port it to the head region. Neither nasal obstructions nor cocainiza- 
tion of the olfactory epithelium diminished the sensation. Competi- 
tion with the nasally presented odors of menthol and benzene pro- 
duced no alteration, not even mixture. That the locus of action was 
not a cortical brain center is attested by the fact that patients having 
peripheral impairments, such as atrophy of the mucosa, were unable 
to appreciate the blood-borne material. The results were not confined 
to one substance; camphor and oil of turpentine had the same effect. 
Other investigators have reported that the intensely bitter substance, 
sodium dehydrocholate, and the peanut-like tasting Vitamin B, can be 
detected by “taste” only a few seconds after being injected into the 
arm. This is conceivably a very significant phenomenon, whatever its 
eventual explanation, for it suggests the possibility that the taste and 
smell mechanisms may be subject to a more or less uniform adaptation 
to the blood stream that nourishes them. Active stimulation would 
then have to be pictured as "breaking through" or being superposed 
on this constant background. The Situation is reminiscent of the 
parallel one in vision, where “brain gray" may be thought of as the 
invariable uniform field on which colors put in their appearance. 
The case of "electric taste" is a little less remarkable. Electric cur- 
rents may be employed to arouse gustatory sensations, just as they 
may be used for non-adequate stimulation in most of the other senses, 
though the phenomena produced in this Way are not as yet well under- 
stood. Direct and alternating. currents give different results. With 
direct currents varying effects are produced, depending on the direc- 
tion of flow. With alternating currents the taste aroused is dependent 
upon frequency of alternation. In both cases current strength is an 
important variable. With direct current as a source, a sour taste is 
evoked if the anode is applied to the tongue. Reversal of the current 
brings about a change to a “soapy” taste having a burning quality 
about it. With low-frequency alternating currents, of the order of 
50 cycles, the sensation qualitatively resembles the anodal taste with 
the steady current, i.e., sour is evoked. Raise the frequency to the 
neighborhood of 1000 cycles, however, and the taste becomes predom- 


after receiving it intra- 
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inantly bitter. Frequencies midway between these give somewhat 
anomalous results. 


Receptors and Neural Pathways for Taste. Consideration of the re- 
ceptor mechanism responsible for taste begins with the tongue and 
its papillae, though taste sensitivity is by no means confined to the 


Surface of tongue 


Pit 


Tips of 
sense cells 


Axon to 
brain 7 


Fic, 93, A taste bud. The individual cells comprising the “bud” are of two kinds, 

Bustator cells, spindle-shaped terminations of the nerve fibers subserving taste, 

and Sustentacular, or supporting cells. The tips of the sense cells protrude beyond 

the Surrounding epithelium and are presumably stimulated through direct contact 

With taste solutions. From Woodworth, 320. By permission of Henry Holt and 
Company, Inc., New York. 


tongue. Regions responsive to taste stimuli exist on the palate, in the 
Pharyns and larynx, on the tonsils and epiglottis and, in some people 
at least, on the mucosa of the lips and cheeks, the underside of the 
tongue, and the floor of the mouth (47). The areas of greatest re- 
SPonsiveness—and those most investigated by reason of relative ease 
of Access—are the tip, sides, and rear of the dorsal tongue surface. A 
region surrounding and including the middle of the tongue's upper 
Surface is quite devoid of taste sensitivity. The receptor organs, taste 
Uds (see Fig. 93), comprise a group of individual gustatory cells, 
rom two to a dozen or more of them forming an ovoid cluster, together 
th Supporting (sustentacular) cells. The gustatory cells are, in gen- 
era], spindle-shaped, whereas the supporting cells, arranged around 
the taste cells somewhat in the manner of barrel staves, are more 
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columnar in form. Both kinds of structure have a common origin, 
being modified epithelial cells, and there is some suspicion that sus- 
tentacular cells may develop into sense cells and replace the latter as 
they “wear out.” Each of the gustatory cells terminates distally ina 
fine hair process which protrudes into a gustatory pore, the direct route 
of access to taste solutions. 

Whereas taste buds are distributed fairly generally over much of 
the tongue’s dorsal surface, they are most numerous in aggregates asso- 


—— 


Fic. 94. A circumvallate papilla ( 
Section with taste buds lining 


semischematic ). 
the walls 
surrounding the papilla, 


The structure is seen in cross 
and their pores opening on the “moat 


ciated with papillae, visible 


protuberances on the tongue's surface. 
Four clearly differ 


ent forms of papillae are to be found: fungiform, 
» and filiform. All but the filiform papillae con- 
-like in appearance as 
attered somewhat irregularly over the 


r tongue surface. Foliate papillae de- 
rive from a series of grooves or folds in the midlateral border of the 


tongue. The circumvallate papillae, most readily identifiable of all, 
form a “chevron” near the back of the tongue, the apex toward the 
throat. Each of these somewhat massive but low eminences is sur- 
rounded by a kind of “trench” or “moat” which forms a container for 
taste solutions. into the moat (Fig. 94), 


Taste pores open 
Papillae of this type have been most carefully studied histologically. 
ation of well over 50,000 taste buds from 


sides and forepart of the uppe 


Data assembled from examin 
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a total of several hundred circumvallate papillae (14) reveal that there 
are somewhat over 200 taste buds opening into the trench of the 
average papilla. There are many more in some; 865 were counted in 
one exceptional case. At birth there is apparently a full complement 
of taste buds on the sides of the papilla, but the far wall (beyond the 
moat) has few, if any, buds. The number on the papillae themselves 
remains fairly constant from early childhood until middle age. Mean- 
while the trench wall becomes populated with buds. With the begin- 
ning of the atrophic changes of late maturity both groups of taste 
buds, those on the papilla and those on the wall, show a diminution 
in number. A typical count in old age shows less than a hundred buds 
to each circumvallate papilla, the far wall included. The papillae 
themselves, moreover, tend to become shrunken and wrinkled, and 
the surrounding trenches get filled up with squamous epithelial ma- 
terial. If there are sensitivity differences in taste correlated with age 
variations an anatomical basis for them would appear to be possible. 
Unlike the olfactory receptor cell which, it will be remembered, is 
both generator and conductor of nerve impulses, the taste cell appears 
to be specially constructed to serve only the first of these functions. 
In this respect it more nearly resembles the encapsulated cutaneous 
receptors. Nerve fibers supplying taste cells terminate in arborizations 
9n the cell surfaces; they do not enter the cell bodies proper. Two 
elements are thus present at the periphery of the gustatory afferent 
System: (1) a transducer, converting chemical changes to neural ex- 
Citations; this is the taste cell, and (2) one or more centripetally con- 
ducting sensory fibers excited by action of the transducer; these are 
the gustatory afferents. F 
Another point of difference from the olfactory system has to do with 
the kind of nerve trunks involved. The olfactory cleft has a single 
Sensory nerve, the first cranial, supplying it. The tongue and mouth 
region are innervated by no less than four cranial nerves, each of them 
Of the mixed sensorimotor type. Two of these, the seventh (facial) 
and ninth ( glossopharyngeal), are of undoubted importance for taste. 
Another, the tenth (vagus), is involved to the extent of supplying 
fibers for the taste buds of the pharynx and larynx. The remaining 
One is the fifth (trigeminal), which, it is now generally believed, is 
COncerned in its sensory aspect exclusively with cutaneous functions. 
It is, of course, the trigeminal nerve that supplies the feeling patterns 
that complicate both olfactory and gustatory perceptions. In fact, 
Current literature has come to speak of "the trigeminal component" in 


taste and smell. 
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The pathway to the brain from the anterior two-thirds of the tongue 
is over the chorda tympani branch of the facial nerve. This nerve 
trunk runs a devious course from the tongue to the medulla of the 
brain, at one point looping over the ossicles of the middle ear and 
passing near the eardrum, from which it derives its name. Taste cells 
of the posterior third of the tongue receive their nerve supply from the 
glossopharyngeal nerve, which likewise runs to the medulla and joins 
fibers of the facial nerve to form a well-defined bulbar center. From 
the medulla, through the optic thalamus, to the cortical projection 
areas the pathways conducting gustatory impulses seem to parallel 
those conveying cutaneous impulses from the face, mouth, and tongue. 
Apposite centers are involved at every stage in the ascent to the high- 
est levels of the central nervous system, and the final projection areas 
in the cortex also border on each other. The center for taste is most 
probably near the lower end of the post-central gyrus, just above the 
fissure of Sylvius. The gustatory projection takes its place next to an 
orderly succession of somatic centers, the most proximal of which are 
those for the pharynx, mouth, and tongue. A chain of three neurones 
has carried the impulses from the taste bud to the cortex. 

There would be reasons for supposing that gustatory and olfactory 
centers might lie in close association with each other 


; à , intimacy of 
functional connection between the two senses being what it is. In 
fact, the close liaison between smell and taste has more than once Ted 


to the mistaken belief that the central projection for taste must be in 
the rhinencephalon. Several lines of evidence combine to show that 
this is not the case. Thus, lesions created in the monkey's thalamus 
produce lowered taste sensitivity, as shown by elevated thresholds for 
preferred taste solutions (228). The effective lesions are those of the 
arcuate nucleus, a region which has no direct connections with the 
pyriform area or other possible olfactory centers, It will be remem- 
bered that the pathway for smell is exceptional among sense channels 


in that it does not pass through the thalamus on its way to the cere- 
brum. If smell and taste confusions 


; 4 2 are brought about by intimacy of 
brain connection the union would seem not to occur at or below the 
level of the thalamus. A second set of facts which speak against such 
an association comes from study of cerebral injuries. Börnstein (47) 
examined twelve patients with sensory disturbances bigu ht about by 
gunshot wounds involving the parietal lobe of the brain p^ each case 
displaying gustatory impairment there had been destruction di tissue 
at the base of the post-central gyrus. Finally, there is the testimony 
of patients whose brains were laid bare under local p en and 
stimulated electrically in an effort either to define dis Traits of an 


Absolute Taste Sensitivity 803 


area invaded by tumor or to reproduce the “warning” symptoms of 
epileptic attacks to which they were subject, and thus locate the focus 
of the difficulty causing them (230). Taste sensations could be aroused 
in this way only in a few instances but then always by stimulation of 
the parietal cortex, at the lower end of the central fissure. Even 
though the entire cortex was explored point by point, no other region 
ever gave a suggestion of gustatory sensation. The close association 
of smell and taste would seem to have nothing to do with proximity 
of brain centers but to stem from the accident of the peripheral place- 
ment of these two senses and the fact that both respond to chemical 
stimuli. 


Absolute Taste Sensitivity. After all that has been learned con- 
cerning absolute sensitivity in the other sense departments it would 
be surprising indeed to discover that taste thresholds are fixed and 
immutable, that they are independent of a number of conditions 
Surrounding their measurement. They are not, of course. A number 
of stimulus and receptor variables have to be taken into account, as 
do certain factors underlying individual differences in reactivity of the 
organism. 

One of the important and interesting variables is temperature of 
the stimulus. As a practical matter it has long been known that the 
taste of food is partially determined by its temperature. Good cooks 
Salt foods when they are neither too hot nor too cold. In making iced 
tea the sourness of added lemon is not apparent until the tea has 
cooled down. Confectioners know that candy made for use in the 
tropics must not be oversweetened lest it taste insipid. 

The relation between temperature and taste sensitivity is not a 
simple one. Not all substances are affected alike by temperature 
changes, Measurements of gustatory thresholds for sodium chloride, 
hydrochloric acid, quinine, and dulcin, as made by Hahn (139) are 
presented in Fig. 95. The salt threshold increases steadily with a rise 
in temperature of the testing solution from 17? C. to 42° c. Sensitivity 
to the bitter stimulus, quinine sulfate, shows a generally similar trend, 
but the function connecting threshold with temperature, rather than 
being linear, is a positively accelerated curve. Thresholds for sweet 
are at a minimum in the neighborhood of 35° C. and increase if either 
Warmer or cooler solutions are used. Sensitivity to HCl, the sour 
stimulus, is unaffected by temperature changes, at least in this con- 
centration of the acid and over this temperature range. A number of 
other sweet stimuli used in the Hahn experiments gave curves midway 

etween the inflected function for dulcin and the level line for hydro- 
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chloric acid. These varied results go some distance in discouraging 
any oversimplified interpretation of the taste mechanism. The stimu- 
lation process must consist of something more than a simple chemical 
reaction. Nearly all chemical processes are speeded up and made 
more effective when temperature is raised. In these threshold measure- 
ments only sweet solutions seem to behave as if they were entering 


into a chemical reaction, and even they do not do so in an entirely 
uniform manner. 
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Fic. 95. The effect of te 
four different substances 
r ances, by assigning different 
Lon UM to them, Sensitivity to NaCl and quinine 
B ines with increasing temperature and that to HCl is uninfluenced, while 
ulcin gives an optimal response in the neighborhood of 35* C. From Hahn, 139. 


mperature on taste sensitivity. 
have been made comparable 
as noted in the key. 


The four curves, for 


A second and important variable affecting threshold determinations 
has to do with the particular area of the receptive surface used in 
making the measurements. Not all parts of the tongue’s surface are 
equally responsive to all stimuli. In general, bitter solutions are most 
readily appreciated near the back of the tongue and sweet stimuli 


while acids are most easily 
ay back from the tip. Except for 
top surface, where no taste sensa- 


face and edges, sensitivity being 
The relative sensitivities of different 


portions of the tongue's edge to the four basic tastes are shown in 
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Fig. 96, which is derived from the early but careful explorations of 
Hünig (142). Whether or not individual papillae contain cells re- 
sponsive to only a single kind of stimulus is still an unsettled point. 
The presumption is that a particular cell, perhaps even an aggregate 
of them forming a bud, is specialized in its function. But, by and 
large, the evidence does not suggest that all papillae contain only a 
single type of taste bud. On the contrary, a systematic exploration 
with taste solutions applied by a finely pointed camel's-hair brush finds 


Salt Sour Bitter 


Sensitivity 


| L i 


Tip Sides Base 
Edge of tongue 


Fic. 96, Variations in gustatory sensitivity along the edge of the tongue. A plot 

of Hiinig’s data (142) by Boring, 45. The sensitivity scale is one of threshold 

reciprocals. Figure reproduced by permission of Appleton-Century-Crofts, Inc., 
New York. 


the great majority of papillae responsive to more than one kind of 
taste stimulus, though some do seem to be specialized in their func- 
tion. Thus Kiesow (184), charting the sensitivities of 35 papillae, 
found 18 responsive to acid (3 exclusively so), 26 sensitive to sugar 
Solution (7 exclusively ), 18 responsive to salt (3 exclusively), and 13 
Sensitive to a bitter solution. There were none responding solely to 
the bitter stimulus. This kind of experiment has been repeated many 
times, always with similar results. Apparently the vast majority of 
papillae can mediate more than one sense quality. That those lo- 
cated near the base of the tongue are "biased" in the direction of bitter 
While those near the tip place the emphasis on sweet is evidenced not 
only by topographic studies; it is shown also by the tongue's response 
to several organic compounds falling in the *bittersweet" category. A 
Single chemically pure (if somewhat complex) substance, para-brom- 
benzoic-sulfinide, tastes bitter to the back of the tongue and sweet to 
the tip. Magnesium sulfate ( Epsom salts) also has a dual taste, bitter 
at the back and salty near the front of the tongue. 
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An especially critical determinant of the taste threshold is the mat- 
ter of the technique used in applying the stimulus. It makes a dif- 
ference whether a few drops of test solution are placed on the sub- 
ject’s tongue, the instruction being to identify the taste, or whether 
two 10-cc samples are presented in successive trials, one of test solu- 
tion and the other of distilled water, the task being to discriminate 
between the two by sipping first one and then the other in a leisurely 
manner. Both of these methods, together with variants of them, were 
used by Richter and MacLean (246) to measure the threshold of the 
salty taste. Individual differences were large, a common finding in 
taste experiments, and these tended to obscure certain differences due 
to method. However, average thresholds for a large group of sub- 
jects ranged from a low concentration of 0.016% (water and NaCl 
discriminated, the two being sampled as frequently and in as ] 
or small amounts as desired) to a high of 0.1925 (N 
fied without comparison with any other solution, three drops being 


placed on the extended tongue). Individual thresholds, under the 
same circumstances, ranged from 0.007% to 0.350%, values which stand 
in a 1:50 ratio. 


There are some other, generally less crucial, factors influencing the 
measurement of the absolute gustatory threshold. Enough has been 
said, however, to indicate that it is possible to tabulate sensitivities 
to taste stimuli only in a very gross way. Table 6, adapted from a 


arge 
aCl being identi- 


TABLE 6. ABSOLUTE THRESHOLDS FOR REPRESENTATIVE TASTE STIMULI 


After Pfaffmann (233), p. 1152 


Per Cent 
Concentration Molar 
Substance (Approx.) Concentration 
Sugar (sucrose) 0.7 0.02 
Sodium chloride 0.2 0.035 
Hydrochlorie acid 0.007 0.002 
Saccharin (cry allose) 0.0005 0.00002 


Quinine sulfate 0.00003 0.0000004. 


summary compiled by Pfaffmann (233), indicates the order of mag- 
nitude of thresholds to some Tepresentative stimuli, Two different 
ways of expressing threshold intensities have been used: (1) Per cent 
concentration, which is stated in terms of the number of grams of 
solute in 100 grams of solvent. Since water is ordin 
this is tantamount to giving the wei 

in 100 cc of water. (2) 


arily the solvent, 
ght, in grams, of the test substance 
Molar concentration, which is given by the 
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gram-molecular weight (number of grams of solute divided by its 
molecular weight) per liter of total solution. Since equal volumes of 
solutions having the same molar concentration contain an equal num- 
ber of molecules, regardless of the chemical constitution of the sub- 
stances involved, there is a growing practice of specifying gustatory 
stimulus intensities in terms of moles (molar concentrations). 


Differential Taste Sensitivity. While relatively large concentrations 
of stimulus solution are needed to reach the absolute threshold for 
taste, as compared with those required to arouse smell, the relative 
size of the increment (AI) to produce a just perceptible increase in 
sensation strength is no larger. That is to say, by and large, the 
Weber fraction (AI/I) for taste is about the same size as that for 
smell. If we take the values 14 to % as the representative ones for 
the Weber fraction in smell (since these embrace the typical results 
for the middle span of intensities under a variety of conditions), a 
Similar rough bringing together of the experimental data for taste 
would show fractions ranging from 14 to Vo. But the measure of 
differential sensitivity, like that of absolute sensitivity, is affected by 
à number of experimental variables. Its magnitude is partially deter- 
mined by the taste quality appealed to, whether salt, sour, sweet, or 
bitter. Moreover, the particular taste solution used seems to be critical. 
Kopera (190), testing with a variety of stimuli in intensity discrimina- 
tion experiments, found differential sensitivity to sweet to be about 
twice as great as to bitter. The AI for salt fell between the two. But 
the size of the differential threshold was primarily a function of the 
composition of the test solution. Following are the values for the 
Weber fraction as obtained by Kopera: (bitter) quinine hydro- 
chloride, 1/4.7; magnesium sulfate, 1/5.9; (salt) sodium chloride, 
1/6.6; (sweet) glucose, 1/6.8; crystallose, 1/7.0; sucrose, 1/8.2; fruc- 
tose, 1/9.6. The differences between the various sugars are reduced 
if sucrose, glucose, and fructose are first equated for estimated sweet- 
ness, However, there seems to be no possibility of bringing crystallose 
(sodium saccharin) into commensurate relation with the sugars. Its 
Sweetness is judged to be several hundred times that of cane sugar, 


whereas the common sugars differ among themselves in this respect in 


less than a 3:1 ratio. i 
As in the other sense departments AI is not unaffected by the abso- 


lute intensity at which the determinations are carried out, just as it is 
not uninfluenced by temperature, by the prevailing state of adaptation, 
by the experimental procedure used in conducting the experiment and, 
in fact, by the whole host of conditions affecting the absolute threshold 
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itself. The systematic effect of intensitive changes has been Lue 
mined carefully for one of the taste qualities, salt (168). The ES 

of plotting the Weber fraction against stimulus intensity, over r 
range from absolute threshold to the point at which the salty taste = 
complicated by the introduction of a painful sting, is shown in Fig. A 
Discriminability is poor at low intensities and improves up to a leve 


0 0.5 10 2.0 3.0 
I, molar concentration of Na Cl 
Fic. 97. Differential sensitivity to salt as 


fraction, AI/I, becomes progressively sm 
tivity, 


4.0 


a function of concentration. The Weber 

aller with an increase in absolute sensi- 

up to a concentration of about 3.0 mole, at which point gustatory sensation 

begins to be complicated by the arousal of a painful sting from the chemical 

action of salt. After Holway and Hurvich, 168. Courtesy of the American 
Journal of Psychology and Dr. Hurvich. 


of about 3.0 moles. It should be s 
this function was conducted by t 


mate of sensation strength being 
lation of the outstretched tongue 


aid that the experiment establishing 
he "single-drop" technique, an esti- 
given by the subject after the stimu- 

by one drop of the test fluid. As has 
been found for the absolute threshold, it is probable that larger quan- 
tities of salt solution, freely sipped, would yield somewhat different 
results. 


The question of Sensitivity to relatively small changes in intensity is 
connected with the further one of ability to estimate absolute levels of 
taste intensity. To what extent is it possible to relate perceived 
strength of taste sensation to physical concentration of gustatory stimu- 
lus? In an earlier day we should be said to be raising the question of 
the adequacy of Fechner’s “psychophysical law”; now we say we are 
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asking whether a “psychological scale” of taste intensity is possible. 
Lewis (197; 116, pp. 83-84) found that such a scale could be devised. 
He had subjects taste a standard solution, then select from a series of 
graded comparison solutions the one which tasted “half as strong” as 
the standard. Each of the four basic tastes was represented, the 
standard solutions being sodium chloride, sucrose, quinine sulfate, 
and tartaric acid. All were used in several concentrations, and the 
“halving” procedure was repeated with each. This is the so-called 
“fractionation” method for devising scales of observational intensity. 


30 =F] 


te 
o 


Log gusts 
(1 gust = Subjective strength of sucrose 


solution of 1 gram per 100 cc water) 
o 


40 30 20 10 0 10 2.0 
Log grams solute per 100 cc water 


Fic. 98. The gust scale and the relation between observational intensity and 
stimulus strength for each of the four fundamental tastes. From Beebe-Center 
and Waddell, 27. By permission of the Journal Press. 


Not only was it found possible to construct continuous scales from 
these data and to relate them to stimulus concentrations, but it was 
discovered that intensitive cross comparisons between different taste 
qualities could be made. Thus, it turns out to be possible for subjects 
to select, with satisfactory consistency, a salt solution that tastes just 
half as strong as a standard sugar solution. In a similar manner 
quinine and tartaric acid may be related to sugar (27). The strengths 
of all four basic tastes having thus been specified in terms of a com- 
mon denominator, sugar, it is but one additional step to select a unit 
of measurement, define it, and generalize to a “psychological scale of 
taste strength.” The fundamental unit chosen was the “gust,” which 
is defined as the “psychological strength of a 1 per cent sucrose solu- 
tion.” Figure 98 shows the way in which observational intensity, in 
gusts, is related to stimulus concentration for the four fundamental 
tastes, The gust scale should recall the “dol” scale for pain (see Chap. 
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almon, 39. Courtesy of the National Academy of Sciences. 
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10) which, as a matter of fact, has an identical logic underlying its 
construction. 


Individual Differences in Taste Sensitivity: "Taste Blindness.” It was 
noted earlier that individual differences in taste sensibility are likely 
to be of some magnitude. Gustatory thresholds are notoriously vari- 
able, not only from person to person, but in the same person from time 
to time. How much of the measured variation is traceable to crude- 


50r 


Frequency 


n 
o 


— 
10 0.1 7 0.01 0.001 0.0001 0.00001 
Fraction of 1% P.T.C. solution, log 
Fic. 100. Variation in sensitivity to PTC (phenylthiocarbamide). The occur- 
rence of two modes in the distribution suggests why there originally seemed to be 
two gustatory “types”: tasters and non-tasters. From the data of Setterfield, 
Schott, and Snyder (257) as charted by Cohen and Ogdon, 62. By permission of 
the Psychological Bulletin and the American Psychological Association. 


ness of method and how much to constitutional factors has not been 
established, but it is clear that differences of the size encountered could 
not result exclusively from faulty techniques. There are displayed 
in Fig. 99 distributions of absolute thresholds of 47 subjects to 17 
different test solutions. Two of the distributions, those for vanillin 
(top) and phenyl thiocarbamide (bottom), should especially pique 
Our curiosity. Both show an extraordinarily large spread. The graph 
for phenyl thiocarbamide (PTC, as it has come to be called) embraces 
à particularly wide range of values. Moreover, in this distribution the 
Sreat majority of cases do not cluster about a central value, as they do 
for vanillin. There is even a suggestion that the PTC curve is bimodal. 
This becomes a certainty when figures for a larger population are con- 
Sidered. Witness the curve in Fig. 100, plotted from results of testing 
Several hundred subjects (62). This embraces an even larger range 
9f thresholds than does the PTC graph of Fig. 99. There seems little 
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doubt that two widely separated groups are involved, one of low, the 
other of high, sensitivity. . 
The phenomenon of two typically different reactions to PTC constt- 
tutes one of the major mysteries in the realm of human sensibilities. 
The effect was first noticed in 1931 by Dr. A. L. Fox, a chemist in the 
du Pont laboratories (97). Some PTC powder, while being trans- 
ferred to a bottle, escaped into the laboratory air, and another chem- 
ist working nearby remarked on the bitter taste. Dr. Fox himself could 
get no taste whatever from the substance. The two chemists then 
tried crystals of the material on their tongues and got the same indi- 
vidual results; one was a “taster,” the other a ^non-taster" This inci- 
dent precipitated an ever-widening series of investigations, extensive 
and intensive, on so-called "taste blindness," an effort which has not 
come to an end as yet. It was soon found that phenyl thiocarbamide 
is only one of a group of chemically related compounds, all of which 
behave in this way, though PTC has been the most widely used of 
the family and there are by now very extensive data on it. The re- 
sponses of tens of thousands of cases are in the literature (62). The 
early investigators made the unfortunate mistake of regarding the 
phenomenon to be an all-or-nothing affair—either people could taste 
PTC or they couldn't. As soon as the commercially av 
had been purified and higher concentrations could be 
it was found that the simple dichotomy, * 
normal," did not hold. Those who did not } 
“normal” range (less than 0.01% solution, s 
insensitive, but their thresholds could be 
high concentrations of the stimulus. 
One of the curious effects connecte 
do with the influence of saliva. Experiments, more scientific than 
esthetic, in which the saliva of a "taster" (low PTC threshold) is used 
by a “non-taster” (high PTC threshold), and vice versa, show that a 
non-taster cannot improve his sensitivity by substituting a taster's 
saliva for his own. However, a taster can reduce his sensitivity to 
PTC by using either water or the saliva of a non-taster in lieu of his 
own saliva. For a taster to retain his capacity to detect small concen- 
trations of PTC he must have his own saliva at work. This circum- 
stance has led to a certain amount of speculation about the role of 
saliva in tasting. Obviously it is not to be regarded as merely a source 
of moisture for putting taste stimuli into solution, though this is cer- 
tainly one of its functions. The Suggestion has been made that salivary 
constitution is a highly individual matter, and it may be that some 
people (“non-tasters”) have a protein or colloid in their saliva that 


ailable product 
used for testing 
taste blind” versus “taste 
have their threshold in the 
ay) were merely relatively 
surpassed with sufficiently 


d with the tasting of PTC has to 
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precipitates PTC as an insoluble product. Possibly further research on 
the biochemistry of saliva will provide the answer. 


The Taste Qualities. Throughout our discussion of taste, thus far, 
there has been somewhat frequent and confident reference to the four 
basic taste qualities: salt, sour, sweet, and bitter. Without debate a 
fundamental questions seems to have been settled: What are the ele- 
mentary tastes? There has not always been complete agreement on 
this subject, though currently there are few who would dissent from 
the common four-fold classification. The 
question of the elementary qualities in 
gustation is an old one (45, pp. 452-457), 
as is the analogous question in each of the 
other sense modalities. At the end of the 
sixteenth century there were nine basic 
tastes: sweet, sour, sharp, pungent, harsh, 
fatty, bitter, insipid, and salty. By the Sour 
middle of the eighteenth century there Fic. 101. Henning's taste 
were 11, if one followed Linnaeus (add tetrahedron. The figure is a 

á solid, with gustatory sensa- 
astringent, viscous, aqueous, and nauseous, tions analyzable into two 
but drop pungent and harsh), or 12, if primaries located on the 
Haller were taken as the authority (add to edges, into three primaries 
the original list spirituous, aromatic, uri- on the four triangular sur- 
nous, and putrid, but drop fatty). Some of faces, and mito four on the 

s P interior. After Henning, 166. 
these gradually disappeared, it being shown 
that they really represented fusions of taste and touch. Others van- 
ished for want of positive evidence to keep them alive. It was doubt- 
less the demonstration, just about as the twentieth century was being 
ushered in, that salt, sour, sweet, and bitter have their own individual 
modes of distribution that tended to establish these four (which had 
always been present in all lists) as the fundamental taste qualities. 
The appearance of the four in the positions of “primacy,” at the cor- 
ners of Henning’s taste tetrahedron (see Fig. 101), a geometrical figure 
devised to represent relations between taste qualities, strengthens the 
Case for this analysis. 

It is interesting that the taste tetrahedron should seem to place 
the stress on four different kinds of gustatory sensation, with the im- 
Plication that four separate physiological processes and possibly four 
different kinds of receptor cells are involved, because Henning views 
taste as one, not as four, senses. It is membership in a common 
Modality that he is trying to emphasize in bringing the four qualities 
together in a single figure. All tastes are “unitary” in the same sense 


Saline 


Sweet Bitter 
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that visual orange, purple, and blue-green are unitary. corners 
sembling two other qualities they do not break up spontaneous y iiw 
these components. However, as in vision and olfaction, some gus E 
tory qualities are outstanding and serve as convenient reference poin s 
for the description of other, related tastes. Thus, the taste of sodium 
bicarbonate is most readily described as lying on the line of the taste 


tetrahedron connecting salt with sour. Potassium bromide lies be- 


tween salt and bitter. Lead acetate is on the line between sour and 
sweet. Acetone is the representative of a large number of com- 
pounds having both sweet and bitter components and therefore falls 
on the line connecting these two qualities. Some tastes have more 
than a dual reference and so occupy positions either on a surface of 
the tetrahedron, if there are three qualities concerned, or in the in- 
terior of the figure, if there are four. Thus, the “metallic” taste simul- 
taneously has resemblances to sweet, bitter, and salt and must, there- 


fore, take up its position on the appropriate triangular face of the 
tetrahedron. 


Most tastes encountered in foods would presum 
sis with all four fundamental taste qualities present in some degree. 
The entire internal area of the tetrahedron should consist of such col- 


locations of four qualities, each discriminably different locus repre- 
senting a unique, if complex, taste. 


That food products may be subject to just such 
import of some preliminary work by Beebe-Center (26). He was 
prompted by very much the same considerations as those that led 
Crocker and Henderson to their system of odor specifi sation, described 
in the previous chapter. Four qualitative stand 
ous solutions of sucrose for sweet, of 
tartaric acid for sour, of sodium chlorid 
was prepared in nine graded concentr 
ranged from 1 gust ( 
About 2 j.n.d. 


ably yield an analy- 


an analysis is the 


ards were set up—aque- 
quinine sulfate for bitter, of 
e for salty—and each of these 
ations. The intensitive steps 
see above) to 100 gusts in steps of 0.25 log gusts. 
are represented by each of the § steps on the scale of 
intensity, The result of analyzing 14 different food products by direct 
comparison with the taste standards is given in Table 7. 

There are some surprising emphases in this listin 
nificant one does not immediately meet the eye. 


these foods, selected for their flavor, have relatively low ratings on the 


various taste scales. The intensities of the standards, after all, extended 
up to 100 gusts. There is only one food on the lis 


ceeds the halfway point (50 gusts) on an 
logical intensity. This circumstance indic 


g. The most sig- 
It is that nearly all 


t, honey, which ex- 
y of the scales of psycho- 
ates the relative blandness 
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TABLE 7. ANALYSIS OF CERTAIN FOOD PRODUCTS, IN GUSTS 


Data from J. G. Beebe-Center (26) 


Sweet Bitter Sour Salt 

Cola drink 11.2 2.9 5.0 1.8 
Ale 2.5 98.9 10.0 1.3 
Unsweetened grapefruit juice 9:9 2.0 85.5 2.0 
Consommé 1.4 Ls 4.5 7.9 
Tokay wine 4.9 4.9 1.8 
Riesling wine 7.5 6.7 1.3 
"Root" tonic 1.3 3.2 1.3 
Coffee, unsweetened 42.3 3.2 1.0 
Coffee, 5°% sucrose 23.8 3.2 1.3 
Anchovy fillet 23.8 5.6 10.0 
Sweet pickles 3.2 13.4 3.2 
Sour pickles 1.8 18.0 3.2 
Raspberry jam 1.8 10.0 1.8 
Honey 2.4 1.8 1,8 
Means 8.8 10.4 8.9 2.7 


of many foods notable for distinctive “flavor” and points up a con- 
clusion, arrived at much earlier on the basis of other considerations, 


that flavor is largely a matter of odor, not taste. 


Taste Mixtures. If one can make an analytic dissection, so to speak, 
of the gustatory components of flavor it should also be possible, know- 
ing the elements, to synthesize complex tastes by suitable mixing of 
the appropriate solutions. If the four primary taste qualities merely 
go together in an additive fashion to create various blends, then ac- 
curate predictions of the mixture products can be based on the most 
elementary arithmetic. If, on the other hand, there are mutual inter- 
actions, whether of suppression or enhancement, between the four 
Systems of sensitivity, the desired predictions cannot be made without 
further knowledge of the combining principles at work. 

Unfortunately, the current evidence is somewhat equivocal. Few 
thoroughgoing experiments have been conducted in the area of taste 
mixture, and those that have been performed differ so radically among 
themselves as to discourage conclusions of any real degree of gen- 
erality, However, this much seems certain—there are clear instances 
of interaction effects. Whether presented simultaneously to two dif- 
ferent parts of the tongue or combined in a single physical mixture, 
two stimulus solutions, each appealing to a different taste quality, are 
not likely to function independently of each other. 
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Both facilitatory and inhibitory phenomena have been reported. 
Thus Kiesow, who is responsible for some of the earliest experiments 
on “taste contrast” (183), found sweet, sour, and salt all to interact 
with each other in the direction of mutual enhancement. Bitter 
neither influenced nor was influenced by the others. Kiesow applied 
his solutions to individual papillae with a pointed brush and either 
stimulated opposite sides of the tongue simultaneously (“simultaneous 
contrast”) or the same place successively, the first stimulus being 
washed away before the second was delivered (“successive contrast”). 
All results are in the form of observed increases in sensation intensity 
of one taste as a result of the action of another. If a subliminal sugar 
solution were applied to one side of the tongue the simultaneous 
presentation of salt to the other side would cause sweet sensitivity to 
surge upward and make the sugar perceptible. Reversal of the solu- 
tions would do the same for salt. Similar results obtained for com- 
binations of sour and salt and, less certainly, for sweet and sour. 

Interactions involving gross stimulation of the gustatory receptors, 


as contrasted with the “punctiform” approach of Kiesow, are less well 


understood. Recent experiments fail to agree. On the one hand, Hahn 


and Ulbrich (140), stimulating an area L5 cm in diameter near the 
tip of the tongue, find small but definite reductions in thresholds to 
saccharin, e.g., as a result of adding to the test solution just subliminal 
concentrations of quinine sulfate, sodium chloride, or hydrochloric 
acid. However, exactly the opposite direction of interaction, mutual 
inhibition, is found by Anderson (11) in some careful experiments 
conducted by the “sipping” method. Threshold concentrations of su- 


crose, quinine hydrochloride, or tartaric acid were combined with 


sodium chloride solutions in measuring the absolute threshold to the 


latter. Salt thresholds were uniformly raised in the presence of the 
sweet, bitter, or sour stimulus. Less definite but generally inhibitory 
relations came out of other pairings of stimuli. 

The foregoing results are for stimuli operating in the neighborhood 
of the absolute threshold. What about the combining of qualitatively 
different taste solutions of higher concentrations? This is a research 
area of great interest to those concerned with food processing. Appar- 
ently there are some complex relations to be considered. Some acids 
increase the saltiness of salt, yet salt reduces the sourness of acids (89). 
The presence of salt also increases the Sweetness of sugar. Whereas 
all sugars seem to reduce the sourness of all acids, acids do not uni- 
formly suppress the sweet taste of all sugars. Two of the common 
acids, hydrochloric and acetic, have no effect on the sweetness of 
sucrose, while the action of citric acid, one of the least sour-tasting 
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of the acids, is actually to increase the observed sweetness of sucrose. 
The sweet taste of fructose, contrariwise, is reduced by acetic and some 
other acids, but not by hydrochloric and citric acids. Obviously, there 
is yet much to be learned about taste interactions at the levels of 
intensity encountered in foods and beverages. 
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Fic. 102, Taste interaction at different intensity levels. The results obtained by 

Bujas (51) in an experiment testing the effect on the threshold for NaCl, applied 

to one side of the tongue, of simultaneous stimulation of the other side with a 

Sugar solution. Low concentrations of sugar enhance, and high concentrations 
depress, saline sensitivity. 


A suggestive relationship which, if borne out by more extensive 
Work, might go far toward harmonizing the seemingly diverse results 
of interaction experiments, was found by Bujas (51). He used Hahn’s 
technique of letting taste solutions flow over the tongue, stimulating 
through a 1.5-cm diameter opening in a U tube. In fact, two such 
stimulators were used, the areas contacted being 1 cm apart and 3 em 
back from the tip of the tongue. Salt and sugar solutions at 32° C. 
Were presented, salt to one side of the tongue, sugar to the other. All 
exposures were uniformly 7 sec in duration. First, sensitivity to salt 
Solution was established, the absolute threshold being measured in 
one system while water flowed through the other. Then sugar, in one 
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of six concentrations, replaced the water, and the salt threshold x 
redetermined. As can be seen in Fig. 102, Bujas found evidence * 
both enhancement and depression of saline sensitivity through the 
simultaneous action of a neighboring sweet stimulus. At low concen- 
trations of sugar, intensities not far above threshold strength, the result 
is like that originally gotten by Kiesow; the effort is a facilitatory one, 
the salt threshold being lowered. At higher sugar concentrations 
there is a reversal of effect. Sweetness now interferes with detection 
‘of the salt stimulus and the salty taste is “masked.” In passing from 
one phenomenon to the other there must, of course, be a neutral point; 
there must be some concentration of sugar which neither depresses nor 
heightens salt sensitivity. It is apparent from these data that fairly 
high intensities of the sweet stimulus are in effect when neutrality is 
realized. Bujas’ three subjects, showing individual differences in this 
respect, as in absolute sensitivity itself, gave values of 3.75%, 7.00%, 
and 8.5% for the neutral concentrations. This kind of experiment could 
well serve as the pattern for a set of much-needed, completely sys- 
tematic ones which would embrace all taste qualities and extend over 
the full intensity range for each, Indeed, until we are in possession of 


the kind of facts such an inquiry would yield we are not in a strong 
position to make predictions concerning the probable results of mixing 
taste stimuli. 


Gustatory Adaptation. Taste receptors have their sensitivity auto- 
matically reduced by being exposed to a continuous, unvarying stimu- 
lus, just as olfactory end organs do under analogous conditions. In 
fact, the addition of the sense of taste completes the catalogue of sense 
departments displaying adaptation; this had been found to be an 
entirely universal phenomenon in the world of sensation, 

It was clear, from Kiesow's early experiments ( 184), that individual 
papillae display the adaptation phenomenon. Application of taste 
solutions to isolated papillae would, in some instances, eventually make 
them totally unresponsive. It has not always been equally clear that 
more general stimulation of the tongue and mouth would result in 
total abolition of taste Sensitivity. This was shown to be the case, 
however, in a series of experiments by Dallenbach and his students 
(1, 191). Five different concentrations of NaCl (0.84 mole to 3.93 
moles) were employed as adapting solutions 


mouth were continuously irrigated, an entrance t 
tion in at mouth tem 


the fluid had circul 


and the tongue and 


ube carrying the solu- 
perature and an exit tube serving as a drain after 


ated. Typically, the salty taste declined gradually 
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in intensity until it finally disappeared altogether. Adaptation was 
complete. The time between onset of the stimulus and total cessation 
of gustatory sensation (“adaptation time”) proved to be a function of 
NaCl concentration. Low intensities gave relatively short adaptation 
times, less than 20 sec on the average; high intensities took longer to 
adapt, nearly 2 min for the highest concentration used. Individual dif- 
ferences were marked, and after-effects were prominent. However, it 
was demonstrated that the taste sensations persisting after the stimulus 
flow had been stopped were due to the action of traces of salt linger- 
ing in crevices of the tongue and cheeks, in the interstices between the 
teeth, etc. Similar siphoning into the mouth of solutions of sour (tar- 
taric acid in three strengths: from 0.0022 mole to 0.013 mole), sweet 
(sucrose in five concentrations: from 0.066 mole to 1.26 moles), and 
bitter (quinine hydrochloride in three intensities: from 0.000013 mole 
to 0.000083 mole) led to entirely comparable results for these qualities. 
In all cases adaptation continued to completion, time to extinction 
being primarily a function of stimulus intensity. Average adaptation 
times were, approximately: sour, 1.5 min (weak) to 3.0 min (strong); 
sweet, 1.0-5.0 min; bitter, 1.5-2.5 min. After-tastes were present in 
all instances and were traceable to the same general cause as that 
operating with salt. Sugar could be washed away fairly promptly, 
but quinine was dislodged only with difficulty. 

Whereas these studies tell us much about the nature of gustatory 
adaptation, they naturally do not inform us as to the exact course of 
the adaptation process. Extensive experiments by Hahn, employing 
his familiar U-tube arrangement, provide not only a picture of the 
course of adaptation but one of the recovery process as well (138). 
Figure 103 charts the rise of the thresholds throughout an adaptation 


period of 40 sec and their subsequent 


interval. The sensitivity alterations for i 
NaCl solution) and two different sweet stimuli (10% cane sugar and 


1% glycocol solutions) are represented. It is apparent that the changes 
produced by adaptation are prompt and extensive, and also that the 
course of adaptation is in part dependent on the nature of the:sub- 


stance producing it. NW l 
Another important variable, the effect of which is not shown in 
Fig. 103 but which entered into Hahn’s experiments, is temperature. 
crose solution from 17° C. to 32° C. is 


The effect of warming a 10% su 
not only to reduce the absolute threshold, prior to adaptation, but to 
shift the entire adaptation curve downward so that after 5 sec of 


Continuous stimulation the warmer solution has RE. the seein 
only half as much as has the cooler one. Within 15 see the entire 


decline during a 30-sec recovery 
a single saline stimulus (5% 
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process is complete in both instances, however. The ids 2 
temperature on the rapidity of adaptation is important for us to knov 
about because this effect can only be interpreted to mean that bec 
tion has a peripheral, rather than a central, locus. The differentia 
effect of temperature must be exerted at the tongue surface, of course. 
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Fic. 103. Gustatory adaptation and recovery. 


trations, the units being arbitrary ones with the v. 

concentration. The three substances, salt, sugar, and glycocol, show different 

courses of adaptation and different rates of recovery. From Pfaffmann (233) after 
Hahn, Kuckulies, and Taeger, 1938. 


Ordinates give threshold concen- 
alue 10 representing the adapting 


That the influence of temperature is on the adaptation process rather 
than on the stimulation process itself—and these 
things—is demonstrated with glycocol. 


sweet, is an organic acid (amino-aceti 
known as “glycine”). As with its distant inorganic relative, HCl, its 
absolute taste threshold depends not at all on temperature. However, 
the speed with which adaptation to glycine proceeds is definitely a 
function of temperature. Hahn has shown (139, p. 934) that adapta- 
tion to a 0.1% solution of glycine at 17? C. produces about the same 


elevation of threshold in 20 sec that is brought about by a 22° C. solu- 
tion of the same strength in a whole minute. 


are two different 
This substance, though tasting 


€ acid, CH;NH,- COOH; also 
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The Electrophysiology of Taste. Attention to the changes occurring 
in afferent nerves belonging to other sense modalities has uniformly 
been found to be profitable. There are also some things to be learned 
from the fibers carrying gustatory impulses. Experiments have been 
made on several different animal preparations in an effort to discover 
the nature of gustatory afferent impulses and their relation to the 
stimulation process. Action potentials in nerves supplying the tongue 
have been successfully recorded in the frog, cat, dog, and rat. The 
findings in the cat are interesting (231). Here it develops that single 
fibers of the chorda tympani and glossopharyngeal nerves show a cer- 
tain degree of specificity. At least, single fibers can be found which 
will discharge only in response to a single stimulus, acid. Other fibers 
are activated indiscriminately by either acid or salt, while still others 
signal the presence of either acid or quinine. Sugar was rarely capable 
of exciting any fiber to activity. Thus, it appears that the only neural 
response mechanism tuned exclusively to a particular form of stimu- 
lus is the “acid fiber.” Mixed types, acid-salt- and acid-quinine-sensi- 
tive, can be accounted for on the basis that many gustatory fibers send 
branches to more than one taste cell. At the same time it seems strange 
that no fibers specific to salt or quinine ever put in an appearance de- 
spite an extensive sampling of fibers terminating in all parts of the 
tongue. 

Sugar and its failure to arouse nerve responses are also of interest. 
The cat, of course, does not have a "sweet tooth.” The dog does have, 
and subsequent experiments by Zotterman and his colleagues (12) 
show that the dog also possesses fibers in his chorda tympani which 
respond only to sweet stimuli. There are also in the dog fibers spe- 
cific to acid and others of a mixed variety (acid-salt-sensitive). Acids 
and salt arouse to activity fibers which, judging from the size of the 
potentials recorded from them, must be of the order of 6.0 p in di- 
ameter. Bitter and sweet stimuli lead to the discharge of somewhat 
smaller fibers. 

Except for the stimulus specificities displayed by them, the gusta- 
tory fibers behave like all other afferents. Their response is “all or 
none"; changes in stimulus intensity bring about characteristic changes 
in discharge frequency in individual fibers and variation in the num- 
ber of fibers active at any one time; and they display the "equilibration" 
phenomenon. The latter consists of a high initial impulse rate and a 
smooth frequency decline in the presence of an unchanging stimulus; 
this would seem to be the direct correlate of adaptation. All these 
features can be observed in the oscillographic records displayed in 


322 The Sense of Taste 


Fig. 104, taken from Pfaffmann’s study of single gustatory fibers in 
bt not infrequently happened in the brief but busy history 8 
electrophysiology, some phenomena connected with the functioning 2 
gustatory nerves have turned up which seem not to have any experi- 
ential counterpart and which, therefore, appear difficult of interpre- 
tation. There have been discovered, e.g., some fibers in the glosso- 
pharyngeal nerve of the frog which respond to distilled water as they 
might to a potent taste stimulus (13). The fibers are relatively big 


Fic. 104. Action potential record from a single nerve fiber in response to acid 
on the tongue. In A the stimulus was 0.5 N acetic acid, in B 0.01 N hydrochloric 
acid. In each case the first large upward deflection signals the application of the 
drop of acid. Time marks are 0.1 sec. From Pfaffmann, 231. From original of 

Fig. 4, C. Pfaffmann, J. cell, comp. Physiol., 1941, 17, 948. 


ones and thus give large potentials which 
adapting. Salt solutions of any strength ( 


charge these fibers, though they do excite smaller-diameter ones in 
the same bundle. Acids also fail to arouse the "water receptors," 
though they, like salt, are able to stimulate a still different set of small 
fibers. Apparently the frog is in possession of a gustatory mechanism 
which permits him to make discriminations among salt, acid, and 


pure water; nor is appreciation of the water based merely on an 
absence of stimulation. There seems to be a positive “water taste" for 
him. 


are long lasting and slowly 
0.0252 or more) fail to dis- 


Theories of Taste Sensitivity. This chapter w. 


as introduced with the 
characterization of t 


aste as the poor relation of the family of senses. 
Nowhere is its poverty more manifest than in the realm of theory. 
Gustatory theory, in general is lacking in ideas and v 
elaboration of the few it possesses. Only 
Seems to assert itself. Tt is that tastes 
action of sapid substances and some 


ague in the 
one general principle ever 
are generated through inter- 
material or materials, as yet 
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unidentified, on the sensitive surfaces of the tongue, palate, etc., or 
perhaps housed in the cellular confines of the papillae. This is the 
burden of Crozier’s hypothesis (66, p. 1029) that “the qualitative dif- 
ferentiation of the taste-buds might be due to the fact that there are 
four separate receptive substances, appropriately segregated in distri- 
bution, corresponding to the four conspicuous gustatory qualities.” It 
is the idea underlying the taste theories of Lasareff, Hahn, and others 
(214, p. 125), which postulate chemical reactions yielding decomposi- 
tion products which, in turn, ionize and stimulate the appropriate 
papillae. 

It is only one step from this type of theory to the assumption that 
tastes might be generated through interference with one or more 
enzymes existing in the gustatory tissues. Indeed, there is some good 
evidence that such enzymes do exist and that they may have their 
balance disturbed through the action of substances having gustatory 
properties. El-Baradi and Bourne (87) have found two different 
enzymes to be present in the foliate papillae of the rabbit. These 
have been identified by histochemical methods as a phosphatase and 
another, unknown esterase. The reactions of both are strongly in- 
hibited by sapid substances but not the same ones in the two cases. 
The phosphatase (or, possibly, group of related phosphatases) is 
readily affected by vanillin, capsicum, and infusions of tea; to a lesser 
extent it responds to the presence of oil of peppermint, oil of aniseed, 
and coffee infusions. However, sugar, salt, and quinine have no effect 
on it. On the other hand the unknown esterase, found to be present 
in high concentration in the taste buds and in smaller amounts in the 
neighboring epithelial tissue of the tongue, has its histochemical re- 
action strongly inhibited by quinine but remains unaffected by salt 
and sugar. It seems quite probable that further search will reveal 
other, similar catalysts to be present in the gustatory system. If so, 
we shall have some of the necessary building blocks for an eventual 


theory of taste. 
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